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FIXATION OF PLANT CHROMOSOMES 


Principles, Limitations, Recent Developments 


ARUN KUMAR SHARMA 


Cytogenetics Laboratory, Botany Dept., Calcutta University, 
Calcutta 19, India 


INTRODUCTION 


Suitable fixation, an absolute necessity for the study of chromo- 
some structure, has long been a problem to cytologists. With the 
development of various genetic and cytogenetic techniques in re- 
cent years, the scope of chromosome study has been much wid- 
ened, and the need for critical fixation, its pre-requisite, is being 
more and more felt. An understanding of the limitations of ad- 
vanced research without proper fixation of chromosomes has re- 
sulted in the last few years in attempts to: explore the possibility 
of fixation by a number of chemicals. Our complete ignorance re- 
garding the exact mechanism of fixation is responsible for random 
trials with different salts solely on a chance basis. 

The term “ fixation” has generally been used in a wide sense, 
implying mainly visibility of chromosome structure. In view of 
the extensive work in recent years on the ultimate structure of 
chromosomes, a limitation of the term is now desirable. Fixation 
must be critical in a strict sense. Critical fixation signifies clarifi- 
cation of chromosome morphology to minute details, in which both 
primary and secondary constriction regions come out extremely 
pronounced. Somatic chromosomes in the majority of plants have 
not been investigated in such detail, mainly because of the limited 
techniques available to cytologists. The structure of somatic chro- 
mosomes vaguely referred to by earlier authors with deplorably 
little detail is mainly the outcome of the limitations of the tech- 
niques which they followed. It was not because of their inability 
to find suitable techniques, but because they did not consider this 
aspect as a major issue in their investigation. The importance of 
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critical analysis of karyotypes has been appreciated more and more 
in recent years, and it has been emphasized repeatedly that this 
forms a pre-requisite in any type of work, whether cytogenetic or 
cytochemical. 

The fixing chemicals hitherto recommended are all dependent 
solely upon precipitation of chromosome substance. We are abso- 
lutely in ignorance regarding the other changes undergone by the 
cell and its constituents along with such precipitation. 

The chromosome masses of different groups, e.g., monocoty- 
ledons and dicotyledons, differ in their capability of being fixed in 
various chemicals. A fixative generally claimed to be well suited 
to a particular family, may not hold good for others. On the other 
hand, there are certain chemicals which give reproducible results 
in almost all plants. The cause of their variability is yet an un- 
solved problem. 

So many factors are involved and so many variables are con- 
cerned that one feels completely at a loss to determine the effect of 
the chemicals concerned. Kurnick (41) has recently demonstrated 
that depolymerization of nucleic acids may result from heavy fixa- 
tion. The concentration and constituents of fixatives bringing 
about best fixation with the least changes in chromosome structure 
are yet to be ascertained. 

Investigations on the structure and behaviour of chromosomes 
through phase contrast lenses (14, 65, 76) have no doubt lessened 
the difficulties to a certain extent. The phase lenses, being able to 
magnify slight differences in refractive indices, can be advanta- 
geously employed for chromosome studies without any fixation and 
under living conditions. Subjects appear hazy, however, under 
this lens, in sharp contrast with stained material, and for this rea- 
son, despite its capacity to clarify 3-dimensional objects, it has not 
met with wide approval. Refinements of techniques for study 
through specialized lenses, it may be supposed, would solve this 
fundamental difficulty to a great extent. What can be achieved by 
phase contrast lenses, so far as the study of living cells is con- 
cerned, can be accomplished to a certain extent also through dark 
field illumination. 

Whatever limitations there may be, all mainly pertain to somatic 
chromosomes. As meiotic chromosomes, because of their inherent 
swelling, are not suitable for morphological investigation, they are 
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not at all studied from this aspect. For animals, fixation of mi- 
totic chromosomes in divisions of spermatogonial cells presents 
great difficulty. Spermatogonial chromosomes lie in a medium 
absolutely different from that in which other somatic chromosomes 
are located. This prevents them from being fixed in a manner 
satisfactory for morphological study in ordinary mitotic fixatives 
which have been developed for chromosomes of a different me- 
dium. They generally appear after ordinary meiotic fixation as 
extremely swollen masses without any differentiation. Morpho- 
logical study of animal chromosomes has thus attained a static 
stage, although they may be studied also in dividing cells of larval 
tails and in cells of the brain. The difficulty in procuring such 
stages is another cause of their being uninvestigated so far. 


APPLICABILITY OF COMMON INGREDIENTS OF FIXATIVES 


With regard to somatic chromosomes, it may confidently be 
claimed that the rapid advancement of their study owes a great 
deal to the use of chemicals in pre-fixation treatment. The classi- 
cal fixatives of Flemming (30, 31), Lewitsky (53, 54, 55), 


Nawaschin (67), La Cour (43, 44) and others (45, 47) no doubt 
are of valué in determining chromosome numbers and to some ex- 
tent in studying their structure. With some modification in their 
formulae, as exemplified by the increased proportion of formalin in 
Lewitsky’s fluid (11), the details of chromosome morphology can 
be further elaborated in certain species. But with due regard to 
the cytologists who have developed these fixatives, it must be ad- 
mitted that the procedures are extremely time-consuming and that 
their potentialities are very limited. In the majority of plants with 
high chromosome numbers, these fixatives practically are of no 
use, even in clarification of chromosome number, not to speak of 
morphology. Within limitations, increase in the proportion of 
formalin in chromic-formalin and in platinic-formalin mixture are 
remarkably effective in causing chromosome fixation sensu strictu, 
but only with the elaborate procedure prescribed for the prepara- 
tion of paraffin blocks. 

The invariable constituents of the fixatives for permanent prepa- 
ration mainly involve a metallic salt, preferably of chromium; in 
special cases they may be of osmium and platinum, and along with 
these, acetic acid and sometimes formalin, too. 
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ACETIC ACID. Use of acetic acid (12) is often recommended be- 
cause of its rapid penetration resulting from smaller ions in com- 
parison with other agents. Precipitation of chromosome matter is 
no doubt caused, but the swelling and non-toughening of the tis- 
sues are the outstanding drawbacks of the chemical. 


FORMALIN. The property of changing the osmotic concentra- 
tion of a cell, especially that of formalin to increase it, is generally 
utilized in cytological and histochemical fixation (54, 67), regard- 
less of the fact that in slightly higher dosages, granulation of chro- 
mosomes may result, causing the appearance of Darlington’s (16, 
23) so-called “ starved areas”. These are some of the facts that 
need serious consideration in connection with researches on im- 
proved fixation. 


ALCOHOL. The penetrating quality of alcohol (17) is no doubt 
remarkable ; noteworthy, too, is its denaturating action on protein. 
But its inherent property of oxidizing to acetaldehyde and then to 
acetic acid renders it useless, especially in mixtures with chromic 
acid or potassium dichromate. Moreover, as Baker (2) clearly 
pointed out, it is ineffective in precipitating chromatin. 


OSMIc ACID. The best metallic fixative, osmic acid (30), is also 
not free from limitations. It is a good precipitant and, therefore, 
ideal for visualization of chromosomes. But its difficulty in pene- 
trating cellulose walls makes it unsuitable for fixation in certain 
cases. Further, bleaching of tissue by hydrogen peroxide, an ab- 
solute necessity in osmic fixation, reduces the stainability of the 
material. 


CHROMIC AcID. Chromic acid, more or less an essential con- 
stituent of most fixatives (53), is a good precipitant but invariably 
causes depolymerization of nucleic acids to some extent. Its ex- 
cellence in increasing the stainability of chromosomes through ab- 
sorption and thus increasing basophilia, i.e., affinity to basic dyes, 
is responsible for its inclusion in most fixatives in spite of the de- 
polymerization effects. 


HEAVY METALS. Fixation through heavy metals, like mercuric 
salts (75), is often recommended, especially because of the ease in 
subsequently staining the tissue thus fixed. But the heavy shrink- 
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age of cytoplasm and the most unlifelike preservation of chromo- 
some structure induced by them are the great limitations of their 
use in fixation procedure. 

Replacement of osmic acid by potassium dichromate (43) and 
sometimes by uranium salts (10) is often recommended, but none 
of these possesses qualities for wide approval. 


CHLOROFORM. Chloroform (17) has been of immense use in 
cytological procedures, especially as an ingredient in pre-fixation 
treatment for meiotic preparations. It has also been used in fixing 
solutions, especially for animal chromosomes. In addition to being 
killed by chloroform, tissues become extremely brittle through use 
of it. 


SCOPE OF THE GENERALLY RECOMMENDED FIXATIVES 


NAVASCHIN. Of the classical fixatives, Navaschin’s (67) de- 
serves special mention. It is a fixative which gives more or less 
reproducible results in almost all cases, either in its original form 
or with modification as suggested by Belling (7). Its constituents 
are chromic acid, acetic acid and formalin. It is used not only for 


fixation of meiotic chromosomes but also to determine chromosome 
numbers in somatic tissues. The acetic acid in the mixture causes 
swelling of chromosomes to a considerable degree, thus rendering 
study of their morphology impossible. For meiotic chromosomes, 
however, the dicots, in general, behave well with Navaschin. Sol- 
anaceous plants produce perfect results, but in lilies and amaryl- 
lids extreme clumping is the outcome in general. 


CHROMIC-FORMALIN. Chromic-formalin mixture, originally rec- 
ommended by Lewitsky (53, 54, 56) for somatic chromosomes, 
has since been used with a number of modifications, especially in- 
volving the proportion of formalin. In certain cases, e.g., Datura, 
the proportion of formalin should be lower than (77), not equal 
to, that of chromic acid, as recommended by its original proponent. 
On the contrary, in a number of cases (11) increased ratio of 
formalin over chromic acid has yielded satisfactory results. How- 
ever, such satisfactory fixation is often accompanied by difficulties 
in stainability as a result of increasing the proportion of this alde- 
hyde, thus lowering basophilia. Further, if the proportion of for- 
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malin is not properly controlled, chromosomes become highly 
granulated, thus obscuring the advantageous effects of formalin in- 
crease. 

La Cour has suggested a number of fixatives (45, 47) with a 
variety of mixtures and schedules for different types of chromo- 
somes. The ingredients are mainly osmic acid, chromic acid and 
potassium dichromate as well as acetic acid. Although these mix- 
tures are extremely useful in the study of meiotic division, their 
potentialities in the clarification of chromosome structure in so- 
matic cells are rather limited. 


FLEMMING’S FLUID. To those who are interested in researches 
on fixation, the name of Flemming is well known. It is only due 
to his systematic studies that various fixing mixtures are known 
which have been of immense use in the study of meiotic as well as 
somatic chromosomes. 

As regards fixation in Flemming’s fluid (30, 31), three sched- 
ules are recommended, the constituents of all of which are osmic 
acid, chromic acid and acetic acid. As far as metal osmium is 
concerned, this being much heavier than chromium, one gets good 
fixation with this schedule. It is used in a 2% solution, which has 
higher penetrating capacity than 1%. Post-fixative schedules 
often tax the patience of a worker however, especially in the 
bleaching required as a result of blackening in osmium fixation. 
Then, after bleaching, tissues must be properly mordanted to over- 
come the low stainability arising from the use of the bleaching 
chemical, in the reducing agent hydrogen peroxide. In Feulgen 
staining (29), the critical test for DNA in chromosomes, osmium- 
fixed materials are generally unsuitable. If suitably stained with 
a basic dye after proper mordanting, chromosomes reveal a more 
crisp appearance than with any other fixative. The scattering of 
the chromosomes, too, is exemplary, though the slight swelling due 
to the use of acetic acid often presents difficulty in a critical study 
of chromosome morphology. To meet such limitations Benda (8) 
suggested a modification of Flemming’s fluid by adding a few 
drops of acetic acid in place of 1 cc. of glacial acetic acid. This 
concentration is not sufficient, however, to overcome the swelling 
in chromosomes of a few plants. The unevenness of fixation by 
osmic acid is another feature requiring serious consideration. For 
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meiotic studies the technique is highly suitable, provided so many 
“if” can be satisfied. 


CARNOY’sS FLUID. Carnoy’s (17) original schedule of fixation 
without chloroform serves as a very good example of how fixation 
can be accomplished without the help of any metallic solution. 
The mixture initially recommended contains both acetic acid and 
alcohol. It has been hailed by most cytologists as an extremely 
“ rational ” fluid in that the precipitation of nucleo-protein is per- 
formed by the former ingredient and of the cytoplasm by the latter. 
Further, the shrinkage and hardening caused by alcohol are pre- 
vented to some extent by the acetic acid. But the swelling of 
chromosomes, an eventuality of acetic fixation, renders the study 
of their morphology difficult. Further, addition of chloroform to 
the fluid in Carnoy’s later schedule is not very suitable for chro- 
mosome fixation. 


OTHERS. The fixing fluids recommended by Champy (19) and 
Telleyniczsky (100) as well as by Newcomer (68) need not be 
discussed here in detail because the advantageous and disadvan- 
tageous effects of most of their ingredients have been mentioned 
in the preceding part. Further, none of these is widely applicable. 
A number of chemicals, previously unknown in cytological fixa- 
tion, are generally included in Newcomer’s fixative. These are 
propionic acid, ether, dioxane, isopropyl alcohol and acetone. 
Most of them are endowed with properties generally considered to 
be drastic for chromosomes. Their combined use, however, has 
yielded reproducible results in some cases. But so far as our ex- 
perience goes, regarding fixation of somatic chromosomes, where 
details of structures are desired, their application has not met with 
success worth mentioning. The same is true for hydrochloric acid 
fixation recommended by certain schools (35). 

For the study of spiral structure of chromosomes, a number of 
pretreatment methods, including nitric acid vapour, are on record 
(42, 62, 59). 

Law (49) was the first to suggest an ingenious method of fixa- 
tion of somatic chromosomes by boiling water. In order to facili- 
tate smear, dissolution of the middle lamella was brought about by 
post-treatment in acidulated alcohol. Staining in aceto-carmine 
was found to be satisfactory. In spite of the fact that in certain 
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cases chromosome number can be determined, the drastic nature of 
the treatment can not be ignored. Further, the swelling of chromo- 
somes resulting from hydration of them makes study of their 
morphology impossible. The technique, however, it quite suitable 
for spiralized chromonemata. 


IMPORTANT STAINING SCHEDULES FOR CHROMOSOMES 


The different methods of fixation applied to chromosomes must 
be supplemented in most cases by special treatments necessary for 
staining. Crystal violet (69) adheres with ease to chromosomes 
fixed in metallic fixatives but not in those which require subse- 
quent bleaching prior to staining. In such cases, as is often noted 
in platinic-formalin or Flemming fixed materials, subsequent mor- 
danting for a few hours in a metallic solution, preferably of chro- 
mium, yields good reproduction of chromosomes. The same 
chromic treatment becomes necessary for material fixed in fluids 
having a high proportion of formalin. Different fixing fluids, e.g., 
Nawschin A and Telleyniczsky’s, often serve as good prestaining 
mordants. But in a number of plants our experience shows that 
crystal violet is of no use for somatic chromosomes, even after 
rigorous application of a number of mordanting solutions. Hae- 
matoxylin staining (21) with iron alum mordant is universally 
used, but the non-specific nature of the dye is responsible for its 
unsuitability in critical work involving chromosome structure. 

Aceto-carmine staining (6) serves the double purpose of fixing 
and staining meiotic chromosomes. Its application is widespread, 
and it may be considered as the most suitable agent in counting 
meiotic chromosomes. In addition to treatment in aceto-carmine 
at room temperature, hot carmine (36) as well as alcoholic car- 
mine (106) have been used by some authors. Materials present- 
ing difficulty in stainability are often treated with aceto-carmine 
solution in which a little ferric chloride solution is mixed for the 
purpose of adding iron. Prefixation in pure acetic alcohol or with 
addition of iron, or in some cases keeping the buds in iron-alum 
solution, often yields bright staining of chromosomes. But so- 
matic chromosomes, which are generally studied in roots or in rare 
cases in leaf tips, can not be stained in carmine unless a pretreat- 
ment is given, preferably in acid or acidulated alcohol, especially 
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for the dissolution of the middle lamella (36, 103, 104). Since 
this pretreatment is quite drastic, resulting to some extent in 
swelling of chromosome parts, the method is wholly inadequate for 
the study of somatic nuclei and consequently for chromosome de- 
tails. The same is true for the aceto orcein (46) method. A 
number of other stains, among them cresyl blue (66, 97), sudan 
black B (20) and Alizarin red (1), have been suggested by Ste- 
wart, Schertiger, Cohen and others, but their wide applicability is 
still to be tested. 

Feulgen staining from the time of Feulgen and Rossenbeck 
(29) has been continually appreciated for its effectiveness in pro- 
ducing a crisp appearance of chromosomes. In spite of criticisms 
raised by certain workers, it is still rightly considered the best 
available technique for the check of DNA in chromosomes (81). 
Acid hydrolysis of nucleic acid, liberating aldehyde groups, and 
the reaction of the latter with fuchsin sulphurous acid to yield a 
magenta colour constitute the principle basis of the technique. For 
Feulgen staining, fixation in acetic alcohol is the generally recom- 
mended schedule, whereby bright staining can easily be obtained in 
somatic chromosomes. But an overall swelling of chromosome 
segments, especially in the recommended method of fixation, 
makes the technique, though suitable for chromosome counts, un- 
suitable for studying structural details of chromosomes. 

In order to have milder acid hydrolysis, prolonged treatment in 
perchloric acid (25), trichloracetic acid (80), etc., has been used 
as a substitute for N/ Ht1 by Di Stefano and Sharma. This does 
not in any way overcome the difficulties for critical study of chro- 
mosome structure. 


PRE-TREATMENT FOR CELL SEPARATION AND CLEARING 
OF CYTOPLASM 


One of the most serious difficulties in getting proper staining of 
chromosomes is often presented, not by the chromosomes them- 
selves but by their neighbouring structures, especially the cyto- 
plasmic medium. Clearing of the cytoplasm and separation of 
cells in smears through suitable agents before staining often be- 
come imperative, especially for plants with heavy plasma content. 
In Feulgen staining this is often effected in acid hydrolysis which 
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serves the triple purpose of liberating aldehyde groups, of dis- 
solving the middle lamella and of removing the undesirable cyto- 
plasmic contents. 

Though fixation by different acids effects clearing of the cyto- 
plasm in a large degree, the best method so far suggested is possi- 
bly use of the digestive properties of enzymes. Instead of em- 
ploying a particular enzyme, for instance, pectinol (61), stomach 
cytase (27) or ribonuclease (13) (as in methyl green—pyronin 
technique), some authors (26) prefer an enzyme complex like 
Clarase for treatments following fixation. The brilliance of the 
preparation after this treatment can in no case be denied. But 
enzyme treatment, too, has its shortcomings. Each and every nu- 
clear constituent, including the chromosomes, is made up of chemi- 
cal ingredients, such as nucleic acids and amino acids, which are 
also quite susceptible to enzyme treatment. Thus, while clearing 
the cytoplasm, enzymes may alter the chromosome structure. 


CRITICISM OF THE EARLIER METHODS OF PRE-TREATMENT FOR 
CLARIFICATION OF CHROMOSOME MORPHOLOGY 


Leaving aside the fixatives, which mainly cause precipitation of 


chromosome matter through salting out or otherwise, a number of 
chemicals are in vogue for pretreatment purposes. The aim of 
pretreatment is to cause physical changes in the cytoplasm as well 
as in the chromosomes which will assist in revealing their mor- 
phology. The tissues are pretreated, washed for a specified period 
and then fixed in well known fixatives, especially in acetic alcohol. 


COLCHICINE. The chemical used first for pre-treatment was 
colchicine (71), derived in powdered form from the seeds and 
corms of Colchicum autumnale. It is generally believed (32, 50, 
73, 96) that colchicine brings about a change in the colloidal state 
of the chromosomes and in the surrounding medium, causing in- 
hibition of the spindle mechanism. The role of colchicine is re- 
garded as that of a catalyst (9) causing reversible reactions. It 
has also been suggested that it brings about a disturbance in the 
chromatin or plasmatic cycle (5). These effects are generally 
supplemented by a straightening of the chromosome arms, the con- 
striction regions being at the same time well clarified. When 
colchicine is applied in slightly dilute form, these effects can be 
noted in the chromosomes without polyploidy necessarily ensuing. 
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Colchicine treatment is particularly of value where chromosomes, 
being fairly long and their arms thus shortened, present consider- 
able difficulty in interpreting their morphology (9). The effect of 
colchicine being reversible, there is not any lethal effect on the tis- 
sue, and the latter can afterwards be fixed in a suitable mixture 
for proper precipitation. Both metallic and non-metallic fixatives 
(4, 9, 63) have been successfully used after the treatment. One 
of the limitations of colchicine technique is that tissues require 
thorough washing before subsequent fixation for observation of 
chromosome structure. Otherwise some of the alkaloid remains 
on the tissue surface, obscuring the cell constituents. Most of the 
dividing cells rapidly enter into the interphase during the time re- 
quired for washing, which is from at least 30 minutes to one hour. 
The nuclei, being fixed at this state, do not yield metaphase stages 
sufficient for karyotype analysis. A large number of slides must 
be prepared, therefore, if this technique is to be used in chromo- 
some studies. Acetic alcohol, being a rapidly penetrating fixative, 
is generally recommended in order to hasten the fixation process, 
which would otherwise show cells mostly in a resting stage. In 
addition to this difficulty, another limitation requiring mention is 
the universal contraction undergone by the chromosome segments. 
Though the relative lengths of all chromosomes remains the same, 
an overall shortening of them presents an insurmountable diffi- 
culty. This chemical has been advantageously employed, however, 
in the analysis of karyotypes in a number of monocotyledonous 
and dicotyledonous plants with long chromosomes. In order to 
secure metaphase plates in polar view, some authors (12) have 
suggested taking transverse sections of root tips before smearing. 

Colchicine differs from other pretreatment chemicals in its mode 
of action. Like that of the others, its effect was formerly regarded 
as mainly physical (57). But several investigators (e.g., 28, 50, 
52, 96) have clearly demonstrated that the concentration required 
is too low to exert any physical effect. Scattering of the chromo- 
somes is to some extent dependent on the physical state of the me- 
dium in which they are embedded. As colchicine-treated root tips 
yield well scattered metaphase plates, it may be that a change in 
viscosity is brought about, even in a concentration far below the 
C-mitotic one. This change in medium may be effected by both 
physical and chemical means—the latter through an influence on 
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lipo-protein concentration, or through a disturbance in its metabo- 
lism. It is more likely that the action in extremely low concen- 
tration is mainly chemical and specific, while in higher dosage, a 
non-specific overall physical effect is involved. 

Both metallic and non-metallic fixatives are compatible with 
colchicine as post-fixing agents. Certain authors (61) have gone 
so far as to advocate combined use of both enzyme treatment and 
fixation preceded by colchicine application, and have claimed satis- 
factory results. In any case the chemicals can be more advanta- 
geously employed in smearing schedules than in schedules for sec- 
tions prepared from paraffin blocks. This is because in smears one 
can take full advantages of the physically changed plasma on 
which the chromosomes are to be spread through artificial pres- 
sure. The flexibility of both chromosomes and cytoplasm is main- 
tained during smear preparations which require less time than is 
needed in making blocks and involves less treatment in different 
chemicals before the preparation of slides for observation. Fur- 
thermore, straightening of chromatids and loosening of relational 
coils (63), that is, securing two effects of colchicine treatment, 
specially the latter, can be achieved to a greater degree in smears 
than in the other method. 


ACENAPHTHENE. Next to colchicine among the pre-treatment 
chemicals (40, 78), acenaphthene has been of the greatest use. 
So far it has not been claimed suitable for karyotype study in root- 
tip chromosomes, but pollen grain (99) chromosomes are respon- 
sive to it to a great degree during mitosis, thus facilitating study 
of their morphology. Such differential effect is no doubt to be at- 
tributed to the different constitution of the plasma in the two cases. 
In all probability the chemical is toxic to the protoplasm of root- 
tip cells, but is merely narcotic to that of pollen grains. This dif- 
ferential manifestation in two organs of a plant body is clear indi- 
cation of differentiated chemical make-up of the cytoplasm in 
distinct parts of the organism. It also indicates that chromosomes 
are not directly affected by the solution applied, but that their re- 
sponse is indirect, i.e., by way of a change in the cytoplasm. 

The best result with acenaphthene is obtained in clarification of 
the haploid chromosome set in pollen grains of Tradescantia (99). 
Any fixation can be done after its application. The pollen tube 
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being quite narrow, straightened chromosomes after acenaphthene 
application are generally exposed as rods linearly arranged along 
the length of the tube. Such favourable disposition makes their 
study quite easy. The chemical is no doubt a C-mitotic agent, for 
in certain cases double chromatids, too, are apparent. That the 
spindle mechanism is affected or inhibited to a certain extent is 
clear from the longitudinal disposition of the chromosomes along 
the entire length of the tubes. For karyotype studies, pollen 
grains offer suitable subjects, since they possess only a haploid set 
of chromosomes. Application of thé technique is extremely 
limited however, because only a few plants produce pollen of 
favourable constitution. 


CHLORAL HYDRATE. Chloral hydrate is another agent which has 
been used for pre-treatment by certain workers (74). It has the 
same effect as does colchicine, so far as clarifying chromosome 
morphology is concerned, but with the advantage of being less ex- 
pensive. Curiously enough, the required concentration of both 
colchicine and chloral hydrate are the same. Like colchicine, too, 
the latter is quite effective in smears and is compatible with both 


metallic and non-metallic solutions used as fixatives after the 
treatment. In the author's experience, however, the chemical 
though effective in certain plants, has not been of much efficacy in 
others. The most serious shortcoming of this agent is its erratic 
behaviour. The degree of response, even in the same individual 
and in the same tissue, may vary. This erratic behaviour, in the. 
opinion of the author, is a definite indication of the dependence of 
action on several subtle factors. Under ordinary experimental 
conditions, these factors, although presumably constant in differ- 
ent replications, may vary in certain intra or extra cellular details. 
Unless they are thoroughly understood and the basis of action 
elucidated, widespread application of chloral hydrate can not be 
recommended. 


OTHERS. In addition to the foregoing chemicals, a number of 
other pre-fixation agents have been tried on different materials 
within the last quarter of the century. Among them para-dichlo- 
robenzene (64), monobromonapthalene (71) and methanol (71) 
deserve mention. 

Paradichlorobenzene first came into the hands of cytologists as 
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a good substitute for colchicine to induce chromosome doubling 
(18). Apart from its effect in this direction, it causes straighten- 
ing of chromosome arms, and the possibility of using it as a pre- 
treatment agent in karyotype studies, therefore, was explored. 
Meyer (63) called attention to this property of paradichloroben- 
zene which was later effectively employed on a number of plants 
(22, 24). Acetic alcohol served as the post-fixing agent, and the 
brilliant well scattered metaphase plates produced after staining in 
smears bore testimony to the success of its promoter. -\s regards 
its action, at that time it was considered possibly to be the same 
as that of colchicine. 

All the pre-treatment agents so far discussed do not require any 
special fixative for post-treatment, and both metallic and non- 
metallic ones have been successfully employed. To study meta- 
phase and prophase chromosomes, O’Mara (72) has suggested ap- 
plication of monobromonapthalene and methanol, respectively, be- 
fore fixation. This technique differs fundamentally from all 
former ones in that the special methods of fixation must follow ap- 
plication of these two agents. In this schedule, three-hour treat- 
ment in saturated aqueous solution of monobromonapthalene is fol- 
lowed by fixation for two days in a mixture of 95% alcohol and 
glacial acetic acid in 7:3 proportion. Maceration in hot aceto- 
orcein and smearing in the same is recommended. For prophase 
studies, fixation for two days in a mixture of 65 parts methanol, 5 
parts chloroform and 30 parts glacial acetic is preceded by pre- 
treatment in 3% aqueous methanol for three hours. Maceration 
and smearing in aceto-lacmoid (48) is included in the schedule. 
Two explanations can be offered as to the necessity of such spe- 
cialized fixation. It is likely either that the chromosomes, whi'e 
under pre-treatment, undergo certain chemical changes in a way 
that their responding capacity to all the fixing agents is lost ex- 
cept to the one recommended, or that the chemical make-up of the 
cytoplasm is altered to such a degree that it does not allow pene- 
tration of any fixative other than the one suggested. In both cases 
a chemical alteration in the chromosomes during pre-treatment is 
involved because any change in the cytoplasm would have equal 
repercussions on the chromosomes. The interdependence between 
nucleus and cytoplasm has been well explained by Koller by bring- 
ing forth evidences from a series of disconnected works (39). 
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Because of such specialized methods of fixation and for the pro- — 
longed steps in the schedule, thus being not handy, it has not met 
with wide acceptance. 


RECENT ADVANCEMENTS IN PRE-TREATMENT METHODS 


In connection with pre-treatment of somatic chromosomes, 
Warmke (105) was the first to emphasize temperature instead of 
chemical composition of an agent. His method involved pre-cool- 
ing of root-top material for about one and one half hours at 0° C. 
in distilled or spring water followed by fixation in Benda’s fluid. 
The method is obviously quite simple and is suitable for workers 
even of an ill-equipped laboratory. Bowden (12) later included 
pre-cooling in his schedule but recommended fixation in Randolph’s 
fixative and staining in Feulgen solution. In aceto-carmine stain- 
ing, too, pre-cooling has been utilized (Marks, 58). Cooling 
treatments have been utilized (16, 23) for clarification of the 
heterochromatic segments of chromosomes, which fail to maintain 
nucleic acid charge (3) under cold. Cooling involves an overall 
change in the osmotic pressure of the cells, thus affecting their 
viscosity, which, in turn, is responsible for the scattering and con- 
traction of chromosomes. [t may be pointed out, however, that 
the recommended period of chilling in Warmke’s method at nearly 
the freezing point may itself cause fixation of chromosomes, which 
may not be affected by the fixing chemicals later applied. 

That coagulation of protein, the essential principle of fixation, 
can be caused by chilling is well known, and ‘the method has been 
of wide application in animal tissues (33, 34, 95, 98). Taking 
these facts into consideration, and in view of the difficulties met 
with in this laboratory, it appears that chilling at 0° C., in addi- 
tion to causing scattering of chromosomes, provokes coagulation of 
chromatin matter to an undesirable degree, resulting in heavy con- 
traction. It must be admitted, nevertheless, that Warmke’s em- 
phasis on temperature opened up a new line of approach towards 
the solution of fixing problems, and this principle forms the basis 
of numerous refined techniques discussed later. 

With the increase in realization of the importance of karyotype 
analysis in the study of both fundamental and experimental aspects 
of cytology, the need for more and more convenient methods of 
chromosome work has keenly been felt. This enthusiasm is re- 
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sponsible for the development within the last few years of a num- 
ber of improved techniques which have facilitated the analysis of 
karyotypes to a considerable extent. It must not be said that these 
methods are absolutely ingenious, though their originality can not 
be denied. All the techniques discussed above require prolonged 
keeping in fixing fluids for proper precipitation of chromatin mat- 
ter after pre-treatment. The necessity was felt for omission of 
this step and its substitution by a much shorter process. Further, 
greater elaboration of the details of chromosome structure, includ- 
ing even the centromeric region, has been included within the 
scope of later refinements. 

The initial step towards shortening the schedule was first taken 
by Tjio and Levan (101, 102) only 6 years ago in their oxyquino- 
line schedule. This technique combines the advantages of pre- 
treatment (both chemical and cold temperature) with those of 
fixation in hydrochloric acid, suggested only recently by Gerstel, 
and of heat treatment. It begins with pre-treatment of root-tips in 
.002 M solution of 8-oxyquinoline for about three hours at 10°- 
10° C. followed by heating for a few seconds in a mixture of 2% 
aceto-orcein and normal hydrochloric acid in the proportion of 
9:1, and concludes with 1% aceto-orcein smear. Fixation, dis- 
solution of the middle lamella and staining, which would take 
much longer in other techniques, are achieved to a certain extent 
in only a few seconds by application of the heated mixture of dye 
and acid. If uniform and considerable pressure is given during 
smearing, no difficulty is encountered in securing well scattered 
metaphase chromosomes with highly clarified constriction regions. 
The technique has met with marked success in a number of mono- 
cotyledonous plants, specially the horticultural ones, and a number 
of cereals. 

Stalfelt, mentioned in Tjio and Levan’s paper, has investigated 
the fundamental basis of oxyquinoline action and has suggested 
that the principal effect is solidification of the plasma. This 
change in viscosity obviously influences the spindle mechanism, 
which thus becomes arrested. During smearing, the chromosomes, 
pressed against a solidified plasma, become uniformly scattered. 
As the two arms of the chromosomes undergo heavy contraction 
at opposite ends, the unaffected centromeric region becomes ex- 
tremely clarified by the stretching thus exerted. With the aid of 
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this method, the quadruple nature of the centromeric apparatus 
has been elaborately worked out (102). Another outstanding fea- 
ture of the technique is its capacity for exaggerating the secondary 
constriction regions. The constriction portion becomes so highly 
amplified and the distal segment so spread apart that the end seg- 
ment simulates “ment. 

Since the ady.ua es of oxyquinoline were fully realized, it has 
been used in a itumbe: oi new schedules for both meiotic and mi- 
totic studies. For permanent preparation from paraffin blocks 
Sharma and Ghosh (82) established its efficacy when mixed in the 
fixing fluids chromic acid and formalin. Their schedule involves 
fixation of root tips in a mixture of .002 M solution of OQ., 1% 
chromic acid and 10% formaline in the proportion of 1: 3:6, fol- 
lowed by washing, dehydration and embedding as usual. The 
first part of fixation is performed at low temperature (10°-14° 
C.) for 30 minutes, the rest at room temperature. Though the 
scattering generally obtained in smear preparations could not be 
so effectively duplicated in this method, good clarification of con- 
striction regions, both primary and secondary, as well as straight- 
ening of the chromatids were secured. The above-mentioned au- 
thors suggest (83) its use for smears in meiotic fixative in 
combination with Nawaschin’s A and B solutions, all the ingredi- 
ents being mixed in equal proportion. Here, too, the oxyquinoline 
solution is .002 molar, and fixation for about two hours at a cold 
temperature is recommended prior to washing. Perfect scattering 
can be obtained, and even plants with such high chromosome num- 
bers as 100 or 150 yield well spread meiotic metaphase plates. 
Though attempts with Feulgen reaction preceded by oxyquinoline 
pre-treatment and hydrolysis with N/HC1 have met with success, 
techniques involving staining with orcein are undoubtedly the 
most effective. 

In order to obtain permanent preparations from orcein smears, 
Tjio and Levan suggest the McClintock method (60) after re- 
moval of the cover slip. But, even in spite of the fact that the 
method keeps the staining of the tissue all right, the difficulty of 
keeping the entire tissue intact on the slide can not be overlooked. 
This is a serious difficulty, often met with in keeping the smears 
permanently, though a number of schedules (12, 37, 103) have 
been recommended to overcome the trouble. In this connection it 
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is worthy of note that Zirkle’s (107) method of combined fixing, 
staining and mounting, compatible with both fat-soluble and water- 
soluble mounting media, is the only technique which has shown 
promise. Since it has often been noted that tissue can be kept ad- 
hering to a slide if it is smeared prior to staining, Sharma and 
Bhattacharjee (84) suggest a different technique for oxyquinoline 
smear. After pre-treatment in oxyquinoline solution, the tissue, 
according to them, is first hydrolysed in N/HCI for 10 to 15 min- 
utes and then, after rinsing in water, is smeared on a dry slide 
with the help of a cover glass. The cover slip is removed in 70% 
alcohol, and, after necessary hydration, Feulgen staining can be 
obtained. Although this technique to some extent eliminates the 
difficulty of tissue adherence to a slide, the staining does not com- 
pare well in crispness with that of orcein. Nevertheless, it has 
been advantageously employed in a number of plants for the study 
of somatic chromosomes. 

Schreiber (79) in 1951 recommended a method involving pre- 
treatment in OQ. solution (.0015 M) for four hours at 18° C. fol- 
lowed by fixation in 45% acetic acid for five minutes before under- 
going Feulgen reaction. There, too, the same difficulty of keeping 
the smears permanent remained unchecked. 

The importance of a number of alkaloids, e.g., coumarin (85) 
and aesculin (92), in chromosome analysis has been well estab- 
lished through the efforts of the present author and his associates. 
Coumarin is generally obtained in a glycosidic form and is respon- 
sible for the fragrance of new mown hay. For chromosome 
studies, the technique involves pre-treatment of root-tips in 2% 
coumarin solution in water for two hours at room temperature or 
preferably in cold (12°-16° C.), followed by heating in a mixture 
of 2% aceto-orcein and N/HC1 in the proportion of 9:1 for four 
or five seconds. After keeping for a few minutes in dye-acid mix- 
ture, the root tips can be effectively squashed in 1% aceto-orcein 
solution. Its definite advantage over oxyquinoline is that it can be 
carried out at room temperature. Oxyquinoline has very limited 
application in this regard, being restricted to a temperature range 
of 12°-18° C., above which it is of no use. In a number of dicot- 
yledonous plants, where all other pre-treatment methods have 
failed, coumarin has been effective. 

For clarification of chromosomes in a number of species of 
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Hemerocallis, Hymenocallis (86), etc., neither coumarin nor 
oxyquinoline alone, but a mixture of the two in equal proportion 
has yielded good results. Their separate use causes stickiness, an 
effect seemingly neutralized by their combination. 

For study of palm chromosomes, neither oxyquinoline nor cou- 
marin has so far been of any use. Aesculin (92)—a derivative of 
Aesculus and an ally of coumarin—yields excellent results in the 
particular group of plants. Here, though staining-cum-fixing in 
aceto-orcein remains the same, pre-treatment in a saturated solu- 
tion of aesculin is prolonged overnight at 12°-16° C. for satis- 
factory results. 

Such differential response of different species to these chemicals 
is possibly attributable to differences in the nucleo-cytoplasmic set 
up among the species. 

The effect of chemicals on chromosomes has opened a new ave- 
nue of research in recent years, initiated mainly through the pio- 
neer etiorts of Oehlkers (70) and Levan (51). The Allium test 
of Levan involves treatment of onion root-tips in the chemical 
concerned and observation of the effect caused thereby. Three de- 
grees of effect are recognized—narcotic, sub-narcotic, lethal. Sub- 
narcotic concentration causes fragmentation, erosion and other 
structural abnormalities in the chromosomes. In the narcotic cate- 
gory, C-mitosis is the main effect, characterized by cessation of 
certain vital processes, for instance, cell division, accompanied by 
retention of others, so that the tissue is able to recover after re- 
moval of the chemical. In the lethal category death is the out- 
come. 

A series of chemicals has been examined in the Cytogenetics 
Laboratory of this University with respect to their possible use in 
chromosome analysis. Experience has shown that these so-called 
mutagenic chemicals are effective in karyotype s‘udies if applied 
for specific periods below their sub-narcotic concentrations. Such 
concentration, when applied for a short period, causes a change in 
the viscosity of the plasma and other effects mild enough to pro- 
duce chromosome fragmentation. The structure of the chromo- 
some becomes highly clarified by straightening of the chromosome 
arms, and well scattered metaphase chromosomes can easily be 
obtained. 

A number of phenols (88), gallic acid (93) and veratrine (91) 
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have been among these investigated chemicals. In all these cases, 
pre-treatment was carried out at cold temperatures of 12°-16° C. 
followed by heating in orcein-hydrochloric acid mixture and keep- 
ing for a few minutes in the same solution. Smearing is per- 
formed in 1% aceto-orcein solution, applying uniform pressure 
over the cover glass with the help of filter paper. Use of the latter 
facilitates blotting off excess stain. 

Of the hormones, the effective concentrations were .0002% for 
B-naphthoxy acetic acid, .0015% for a-napthyl acetic acid, .004% 
for phenyl acetic acid, .02% for B-indolyl acetic acid, .002% in 
indolyl propionic acid, and .001% in indolyl butyric acid. In all 
cases the required treatment period is three hours. In order to se- 
cure best results, the concentration and the period of treatment 
may, however, require slight modification for different species. 
Plants with numerous chromosomes generally require longer treat- 
ment, such as three and half hours. 

In case of hormones no correlation could be established between 
the solubility of a hormone and the concentration needed for 
karyotype analysis, as brought out while dealing with mutagenic 
properties of chemicals by Gavauden (32), Ostergren and Levan 
(73) ete. 

In the study of karyotypes, hormones (89) are much more suit- 
able in that chromosomes treated with them show less swelling and 
stickiness than with some other chemicals. Centromeric granules, 
too, come out with absolute clarity because of high contraction of 
the chromosome arms. 

The chromosome-clarifying property of phenols (88), too, has 
been demonstrated ; phloroglucinol, pyrogallol, resorcinol, hydro- 
quinone and guiacol have mainly been tested. Although nearly all 
of these are endowed to some extent with this capability, the effect 
is best in phloroglucinol. .001-.003 M aqueous solutions of the 
same are highly effective at cold temperatures (12°-16° C.) if ap- 
plied for two and half to three hours. The rest of the procedure is 
the same as for orcein staining in the previously mentioned 
methods. Here, too, viscosity changes in the cytoplasm seem to be 
brought out, and sufficiently spread-out metaphase plates with 
minute details in a single plane can be brought out at ease. Dif- 
ferential contraction of various chromosome segments, resulting in 
a highly distinct appearance of primary and secondary constriction 





FIXATION OF PLANT CHROMOSOMES 685 


regions, becomes so pronounced that the end segments lie so sepa- 
rate from the main body as to simulate fragments. That they still 
maintain connection with the main arm is clear from cytochemical 
tests applied for the detection of the connecting protein thread 
(unpublished work from this laboratory). 

Gallic acid (93), a derivative of pyrogallol, displays value in 
certain groups of water plants, as far as chromosome-clarification 
is concerned. The same is true of Veratrine (91), a mixture of 
alkaloids, which is consistently giving good results in a number of 
monocotyledonous plants. The concentration for optimum effect 
in gallic acid is .0005 M, and for Veratrine, .05 to 4%. Procedure 
for orcein staining was followed in both cases. 

Vitamins, mainly utilized for nutritive purposes, affect chromo- 
somes in a manner contributory to karyotype analysis (94a). 
Ascorbic acid (94b) is the most effective, the suitable concentra- 
tion being .05 M. Orcein staining after pre-treatments applies in 
this case, too. 


SCHEDULES FOR THE STUDY OF PLANTS WITH HIGH 
CHROMOSOME NUMBERS 


Despite improvements of technique for karyotype studies, com- 
plements of very high chromosome numbers, until very recently, 
were considered difficult of analysis. Most of the techniques men- 
tioned above are suitable only in rare cases for high chromosome 
numbers, and their general applicability to this category of plants 
is still debatable. Difficulties in connection with such plants, e.g., 
grasses, aroids and /ris, led last year to a fixing schedule with 
p-dichlorobenzene (90) as the pretreating agent. It has been 
pointed out in the preceding part that pre-treatment in this chemi- 
cal followed by acetic alcohol fixation was successfully employed 
on certain plants by Meyer (64). But this method, though effec- 
tive in a number of plants, does not solve the problem of scattering 
and clarification of chromosome structure, as in Dieffenbachia 
(2n = 126). 

It has recently been demonstrated that if such acetic-alcohol 
fixative be heated in a mixture of 2% aceto-orcein and N/HCI for 
a few seconds, both fixation and staining may be accomplished 
much better than with any other method. A new use of p-dichlo- 
robenzene has been worked out involving pre-treatment in a satu- 
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rated solution of p-dichlorobenzene in water for three hours at 
12°-16° C., followed by heating in dye-acid mixture and smearing 
in aceto-orcein. The efficacy of the technique is demonstrated in a 
number of plants with high chromosome number, for instance, 
grasses and aroids, and its superiority over others has been proved. 
Well spread, highly scattered metaphase plates with constrictions 
extremely clarified can be obtained even in plants with chromo- 
some number as high as 2n=126 (Dieffenbachia). ‘This tech- 
nique has been recommended by Sharma and Mookerjea for wide 
use in plants with high chromosome number. 

Even with so much advance in techniques, the necessity for 
more and more refined methods is still felt. The reason is quite 
simple. It has been emphasized in the preceding part of this dis- 
cussion that the response to chemical treatments depends on the 
nucleo-cytoplasmic constitution of each individual. That is why 
some of the pre-treatment methods are suitable only for certain 
species. This does not detract from any of the other methods, but 
simply reveals the necessity of more and more insight into cell 
constitution and the basis of response to chemicals. This knowl- 
edge is absolutely necessary if cytologists are not to choose tech- 


niques by a “ hit and miss”’ method. In order to achieve this end, 
the worker must be provided with a number of refined techniques 
to have a wide choice for the species to be investigated. With so 
much understanding already at hand, it is hoped that a still more 
refined method will further facilitate the study of chromosomes. 


MODE OF ACTION OF THE PRE-TREATMENT CHEMICALS 


The precise manner in which pre-treatment affects the structure 
and behaviour of chromosomes is not exactly known. The initial 
effect appears to be a change in the viscosity of cytoplasm through 
an upset of osmotic balance between the extra and intra cellular 
medium. Another immediate effect, to some extent, is solidifica- 
tion of the plasma and disturbance in the spindle mechanism. 
There is also change in the relationship between the chromosomes 
and the nucleoplasm. The chromosomes, not being homogeneous, 
undergo hydration and dehydration in different parts, which re- 
sults in swelling and contraction. Such swelling and contraction 
of various segments make the constriction regions extremely ex- 
aggerated. The plasma being solidified, pressure on the cell re- 
sults in a scattering of the chromosomes against a solid back- 
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ground. The chemical may not act entirely through the cytoplasm ; 
instead, the chromosomes may be affected directly. As the chemi- 
cal comes in contact with the chromosomes, a change in the os- 
motic pressure of the plasma lining the chromatin may result. 
This may cause variation in osmotic concentration in different 
parts of the chromosome, and such variations may in turn bring 
about the visible effects desirable for the study of chromosome 
morphology. Such an assumption ignores the fact that it is very 
difficult to assume that the plasma remains chemically unchanged 
while a chemical passes through it. 

All pre-treatment chemicals tested so far are effective in very 
dilute concentration. This feature raises the problem as to how 
far their effect is attributable to a chemical influence. The effec- 
tive concentration seems to be too low to exert any influence, the 
agent itself being practically insoluble in water. Since the solubil- 
ity in distilled water is practically nil, solutions in certain cases are 
prepared in tap water. These facts necessitated attempts to deter- 
mine whether the effects observed really revealed conditions in 
vivo or only chemical artifacts. 

In order to have a correct understanding of the problem thus 
posed, experiments were carried out involving pre-treatments in 
distilled water (87) as well as in an isotonic solution of calcium 
chloride (90), followed by fixation and staining in dye-acid mix- 
ture and smearing in orcein. To check the measure of their effect, 
control experiments were performed by direct transfer of root tips 
from the soil to the dye-acid mixture before final observation in 
1% solution of aceto-orcein. Such a control set up, being devoid 
of any prolonged step and pre-treatment before observation, sup- 
posedly approached and gave some indication of conditions in vivo. 

Wailer distilled once in a metallic distillator, once in a glass 
distillator, and several times in the latter were used in the experi- 
ments. The purpose of using glass-distilled and redistilled water 
was to eliminate any error that might arise out of the presence of 
even the slightest trace of metals in the water and thus to have as 
far as practicable ion-free water. 

Root tips which were directly treated in dye-acid mixture with- 
out undergoing any pre-treatment, in order to approach the in 
vivo state, showed extremely clumped chromosomes in a non- 
differentiated cytoplasmic medium. The appearance of the chro- 
mosomes was a bit diffuse, suggesting to some extent their un- 
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fixed condition. The appearance is in sharp contrast to the well 
fixed chromosomes under pre-treatment in any of the recom- 
mended methods. This indicates that fixation, involving coagula- 
tion of protein, is carried out not solely by the hot dye-acid mix- 
ture but also to some extent during pre-treatment. Pre-treatment 
chemicals, therefore, along with other effects, cause coagulation of 
protein to a certain degree—an essential part of fixation—which is 
finally completed upon death of the cell by the hot mixture of dye 
and acid. This experiment, therefore, reveals the important capac- 
ity of these pre-treating agents to initiate fixation. In such proce- 
dures their application thus becomes highly essential for study of 
chromosome structure which can not be accomplished in vivo. 

Experiments with different kinds of water and isotonic solutions 
of calcium chloride yielded results of the utmost fundamental im- 
portance. Contraction and straightening of arms were obtained to 
a rather desirable degree in tap water and to a slightly lesser de- 
gree in water distilled in a metallic distillator, in root tips of 
Amaryllis, Crinum and Vallisnaria. Pronounced scattering of 
chromosomes could be effected in twice glass-distilled water ap- 
plied to root tips of Vallisnaria and Hydrilla. This last set of data 
is clear indication that the presence of salts in significant percent- 
age is not of absolute necessity for the purpose of pre-treatment. 
Of more interest is the result with an isotonic solution of calcium 
chloride. This was effective to a considerable extent in the clarifi- 
cation of a high-chromosome complement, even with species like 
Dieffenbachia picta, having a chromosome number as high as 126. 
In this particular species calcium chloride was far more effective 
than coumarin or oxyquinoline, though the results were no doubt 
much inferior to that obtained with p-dichlorobenzene. 

The positive response of cell constituents in such dilution as that 
of an isotonic solution, as well as in redistilled water, is a definite 
reflection of a subtle metabolic equilibrium within the cell, the bal- 
ance of which can be upset even by such dilute solution or by re- 
distilled water. This disbalance can be accounted for if one takes 
into consideration the fact that in all the experiments with water 
and isotonic solutions, the medium becomes different from the one 
in which the root normally grows in nature. This indicates that 
the disbalance with the consequential change in viscosity can be 
caused by any change in the growing medium, however minute or 
apparently insignificant it may be in chemical concentration. 
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CONCLUSION 


The above résumé of various fixing methods, of their principles 
and limitations, and of recent developments is clearly indicative of 
the tremendous advance made in our understanding and refine- 
ment of techniques within the last few years. Suitable fixation of 
plant chromosomes, considered until recently very difficult, is 
gradually becoming quite easy for every interested worker. 

It may safely be concluded from the foregoing discussion that 
the metabolic differences between species are beyond our ability to 
define but that their existence is indicated by the differential re- 
sponses of species to various chemicals. Species exhibit extremely 
preferential behaviour toward fixing agents. An unavoidable 
corollary of this is that every technique, although limited in suc- 
cessful application, has value and is not necessarily disqualified by 
others that may be developed later. 

Furthermore, none of the pre-treatment agents need be regarded 
as absolutely devoid of any fixing property, for they all possess the 
power, to some degree at least, of causing coagulation of protein. 
As such, they must, therefore, be considered not only as pre-treat- 
ment agents but also as fixing agents. Results with water treat- 
ment alone in certain groups of plants give indication of a subtle 
mechanism operative in changing their plasma viscosity. This, 
too, emphasizes that none of the pre-treatment methods worked 
out by different schools is to be considered as out-of-date, espe- 
cially in view of the results of their application in certain plants. 

Universal applicability of any presently known method can not 
be claimed. An absolute necessity is now felt for a thorough in- 
vestigation of the metabolic factors which differ among plants and 
which are responsible for their differential responses to fixing 
agents. Once that understanding is attained, the worker will no 
longer be handicapped by random trials, but would be in a position 
to choose the technique most suitable to a particular species to be 
investigated. 


FURTHER INVESTIGATION 


It is still to be noted that, though such pre-treatment-cum- 
fixation methods provide a reasonable approach to the problems of 
karyotype analysis, much is yet left to be done to bring them to 
perfection. There are limitations which need rectification. Swell- 
ing of the chromosomes, slight in some species but great in others, 
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is an undesirable effect of most methods. Such swelling does not 
interfere with mapping the relative lengths and widths of the chro- 
mosome or with comparison of the different karyotypes. But such 
an analysis obviously can not be regarded as absolutely correct 
when dealing with a quantitative study of the amount of chromatin 
matter in individual complements. Addition of certain agents 
causing chromosome shrinkage without resulting in death of the 
cell may solve this problem. 

As regards staining, the best result after pre-treatment is gen- 
erally secured by orcein-acid hydrolysis followed by orcein smear- 
ing. Substitution of orcein by other dyes has failed to yield satis- 
factory results. Recently it has been shown (94) that if the 
heating period is prolonged a few seconds, orcein can bring about 
chromosome breakage. Therefore, pending the discovery of some 
more suitable method of staining, use of the Feulgen reaction and 
very rigorous and cautious application of orcein are recommended. 
Research in this direction is absolutely necessary. 

Lastly, one more shortcoming, which needs special mention, in- 
volves the permanent preparation of orcein smears. They remain 
perfect for a few days within which to be photographed. It is of 
no use to replace the smearing process by a paraffin block method, 
for the latter is never so satisfactory as the former. The usually 
recommended schedules (15, 37, 38, 60) for making such stained 
smears permanent consist of detachment of coverslips in acetic 
acid or alcohol, or both, followed by dehydration and mounting in 
euparol or xylol-balsam. The general difficulty met with is that a 
large proportion of the material becomes washed off during re- 
moval of the cover slip. The schedule recommended by certain 
workers, consisting of smearing on an albumen-coated or dry slide 
before staining in Feulgen solution, does no doubt keep the ma- 
terial intact to a certain extent, but the preparations are in no way 
comparable to those obtained by orcein smearing just after pre- 
treatment and hydrolysis. This limitation, therefore, still leaves a 
gap which is yet to be bridged. 

Finally, this review would be remiss if the immense possibilities 
that have been opened up as a result of the refined techniques de- 
scribed are not referred to. The finer details of chromosome 
structure, formerly thought to be imperceptible to cytologists, are 
no longer considered so. The chromomeric granules of chromo- 
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somes, which formerly could be studied only in the pachytene stage 
of a few species, appear in these schedules as sharply stained 
knobs in all prophase nuclei of mitotic cells. Such clarification 
leads to a better understanding of the ultimate structure of chro- 
mosomes.' A cytologist’s knowledge of such structure is based 
principally on the unusual chromosome type of the salivary gland 
of Drosophila. A new pathway of research has now been built up, 
which will enable a worker to make a critical study of individual 
chromosomes or of different segments of normal chromosomes. 
The techniques have become so refined that even the minute gran- 
ules of the centromeric segment of chromosome appear in perfect 
preparations. Our former nebulous state of knowledge regarding 
this pattern of organization has thus been completely changed. 

With the aid of these methods, further strides have been made 
in the evolutionary aspects. The evolution of different agricul- 
tural strains was formerly attributed solely to imperceptible muta- 
tion of genes. The development of such an idea was mainly due to 
the techniques available, inadequate to reveal the minute karyo- 
typic differences between strains. Study of a large number of 
strains of Sorghum (unpublished report of Sharma and Bhat- 
tacharjee in this Laboratory) and Triticum (recent report of 
Bhaduri and Mazumdar in Nature, 1955) is now revealing differ- 
ences in their chromosome morphology, that is, evidence of the 
presence of chromosomal biotypes. Further researches along this 
line, already pursued in different centres, will no doubt gradually 
yield data of fundamental importance in the study of evolution. 
In view of the speed with which cytological studies are progress- 
ing, it may be hoped that with refined methods new possibilities 
will be opened up, solving to some degree the intricacies of chro- 
mosome structure and the problems of evolution. 
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Cytoplasmic inheritance is of theoretical importance—it may be 
of even greater practical importance, for, when it involves male- 
sterility—as in many instances it does—it may make hybridization 
easier. It may also make possible the use of heterosis in plants 
otherwise difficult to hybridize. 


The effect of the cytoplasm on the inheritance of male-sterility 
was speculated on before the rediscovery of Mendel’s Laws: 


Since it is not to be assumed, however, that the quantity of the nuclear- 
ia‘oplasm which is represented in the nuclear thread [chromatin] in different, 
even in closely related species, is completely equal, then also it is indeed 
conceivable, that the influence of one [parent’s] nuclear threads [chromatin] 
therefore, dominates in the hybrid, because it is larger in quantity —The fact 
that the hybrids between A and B and between B and A (the first named 
parent thought of as the male) to be sure in most cases are equal, yet, how- 
ever, not always so, is due to the difference of the cyto-idioplasm in these 
two hybrids. The rare cases, in which the fertilization of B by A is suc- 
cessful, and A by B not successful (also here the first named parent is 
thought of as the male), can be explained in this way, that the development 
of the sperm nucleus of A in the cytoplasm of B is not possible, while the 
reciprocal B in the cytoplasm of A is possible. Or it can be assumed, that 
the cyto-idioplasm of A, but not that of B can be stimulated to development 
by the germinal nucleus AB.2 


The reader is referred to Caspari (1948) for a general review of 
cytoplasmic inheritance; to Michaelis (1953, 1954) for a review 
of the most extensive investigations of cytoplasmic inheritance in a 
single genus, Epilobium; to Marquardt (1952) for a review of the 
nature of hereditary materials in the cytoplasm; and to Bremer- 
kamp (1951) for ‘arguments against the entire concept of cyto- 
plasmic inheritance. 

The cytoplasm influences or controls the inheritance of a wide 


variety of phenotypes in the plant and animal kingdoms. This re- 
1 Florida Agricultural Experiment Station, Journal Series No. 473. 
2 Translation from E. Strasburger, Neue Untersuchungen iiber den Be- 


fruchtungsvorgang bei den Phanerogamen als Grundlage fiir ein Theorie 
der Zeugung, 1884 [p. 171]. 
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view, however, deals with one phenotype, male-sterility, which is 
frequently influenced by hereditary mechanisms in the cytoplasm. 
In a broad sense, the purely maternal transmission of certain char- 
acters could be classified as a type of male-sterility, i.e., as numer- 
ous reports of plastid inheritance. But in this paper classification 
of cytoplasmic male-sterility has been confined to the following: 
pollen or spore abortion; malformation, suppression, loss or trans- 
formation of the androecium; failure of reciprocal crosses to pro- 
duce viable offspring in one direction and elimination of partial or 
complete paternal genomes. The reviewed cases of cytoplasmic 
male-sterility have been classified rather arbitrarily within six cate- 
gories. These six categories, in the order in which they are dis- 
cussed, are as follows: a) arising from intergeneric crosses, b) 
arising from interspecific crosses, ¢) arising from intraspecific 
crosses, d) occurring apparently spontaneously, e) doubtful cases, 
and f) occurring in the animal kingdom. 


INTERGENERIC CROSSES 


PHYSCOMITRELLA X PHYSCOMITRIUM. Spores produced by Phys- 
comitrella patens female x Physcomitrium eurystomum were found 
by von Wettstein (1924) to be almost entirely sterile, and those 
that did germinate soon died. Von Wettstein (1925, 1926) iso- 
lated individual spore tetrads from the hybrid sporogonia of the 
reciprocal cross. Tetrads containing four fertile spores were iso- 
lated; soon after germination, two died while the other two de- 
veloped into purely maternal plants. Von Wettstein interpreted 
the inviable gametophytes as containing a paternal genome which 
was incompatible with the maternal cytoplasm, and believed that 
the maternal-like plants resulted from the combination of a pure 
maternal genome with the maternal cytoplasm. Equal separation 
of entire genomes at meiosis occurred only occasionally, while 
other combinations of material and paternal chromosomes pro- 
duced sterile tetrads. 


PHYSCOMITRIUM X FUNARIA. The F, hybrids of the intergeneric 
cross Physcomitrium piriforme female x Funaria hygrometrica and 
of the reciprocal cross were reported by von Wettstein (1928) to 
be matroclinous. The absence of paternal-like gametophytes and 
the presence of many sterile spores were, according to von Wett- 
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stein, indications that many genes of F. hygrometrica are not via- 
ble in Ph. piriforme cytoplasm. 

By regeneration of the F, hybrid sporophyte produced by the 
cross Ph. piriforme femalex F. hygrometrica, von Wettstein 
(1930) obtained diploid gametophytes which were backcrossed by 
F. hygrometrica. By combining regeneration of hybrid sporo- 
phytes with backcrossing, populations were formed containing Ph. 
piriforme cytoplasm in combination with one, two and three com- 
plete genomes of F. hygrometrica. No increase in spore fertility 
or patrocliny was observed. In a series of backcrosses involving 
the F, hybrid as the initial female parent and F. hygrometrica as 
the recurrent male parent, and in the absence of regeneration, no 
change in spore fertility or deviations from matrocliny was de- 
tected. 


AEGILOPS x TRITICUM. Kihara (1951) reported male-sterility in 
backcross populations of (female Aegilops caudata x Triticum 
vulgare) x T. vulgare male. The first backcross generation was 
completely sterile in open and self-pollination; however, several 
plants were obtained by backcrossing to T. vulgare male. These 


plants were allowed to open pollinate with either their own or T. 
vulgare pollen. Of the 14 plants produced by open pollination, 
one black-eared plant containing 21 pairs of chromosomes, pre- 
sumably the vulgare genomes, was selfed for 12 generations and 
also backcrossed with T. vulgare, homozygous for the black-ear 
genes V°V. All offspring, both selfed and backcrossed, were 
black-eared. 

Black-eared /’°’° plants in de. caudata cytoplasm were crossed 
with yellow-eared |’)’ T. vulgare, producing !’°V plants with Ae. 
caudata cytoplasm. These heterozygotes when selfed produced 
only black-eared plants; but when crossed by T. vulgare VV 
males, about 40 per cent of the offspring were yellow-spiked, al- 
though they were almost completely sterile. Kihara assumed that 
the vulgare genome containing V was “ very sensitive’’, i.e., in- 
viable, in Ae. caudata pollen cytoplasm, while the genome contain- 
ing V® was viable to a degree in Ae. caudata pollen cytoplasm. 
That this inviability reaction was confined to the pollen cytoplasm 
was shown by the normal female fertility exhibited by ’V plants 
containing Ae. caudata cytoplasm when crossed by 7. vulgare VV. 
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AEGILOTRICUM XTRITICUM. Aegilotricum #2 (2n=56) syn- 
thesized by von Tschermak and Bleier (1926) is an amphidiploid 
derived from the hybrid female Aegilops ovata (2n = 28) x Triti- 
cum durum var. Hildebranti (2n=28) which contains duplicate 
genomes of Ae. ovata and T. durum. Fukasawa (1953) has 
demonstrated that cytoplasmic male-sterility occurs in backcross 
populations of female Aegilotricum #2 xT. durum var. Reichen- 
bachii x T. durum, 

When Ae. ovata was used as the recurrent male parent, an 
initial decrease in pollen fertility was produced, but in subsequent 
backcross generations pollen fertility increased. There was a con- 
tinuous loss of 7. durum chromosomes during the backcrossing 
operation, and in the third backcross generation, plants containing 
14 pairs of chromosomes were selected and bred true to the Ae. 
ovata phenotype in succeeding generations of selfing. 

When T. durum was used as the recurrent male parent, pollen 
fertility was decreased in the first and subsequent backcross gen- 
erations. In the third backcross generation, plants containing 14 
pairs of chromosomes were selected and bred true to the T. durum 
phenotype in subsequent backcross generations. These backcross 
plants were male-sterile, however ; pollen degenerated after a nor- 
mal meiosis. Sibs of the 28-chromosome plants which contained 
one to three Ae. ovata chromosomes in addition to the T. durum 
genomes showed high pollen fertility, 88-92 per cent. Fukasawa 
attributed the male-sterility of the 28-chromosome plants to a dis- 
harmony between Ae. ovata cytoplasm and the T. durum genome 
in the pollen. Fukasawa (1953) found that 7. dicoccum (2n= 
28), which contains the A and B genomes as does T. durum, 
when used as the pollen parent in crosses on Aegilotricum also 
produced male-sterility. 


TRITICUM X SECALE. By repeated backcrosses of rye to the 
wheat x rye amphidiploid 7riticale Meister, Lein (1948) produced 
plants containing the rye genome in wheat cytoplasm. These 
plants differed from normal rye in tillering capacity and stem 
length and floral abnormalities. Lein (1948) attributed the varia- 
tion in these characters to interaction of the rye genome with 
wheat cytoplasm. The anthers’ structure ranged from normal to 
types which degenerated into carpel-like structures. The amount 
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of viable pollen was also highly variable. Lein could not deter- 
mine to what extent the variability in anther structure and pollen 
viability was caused or modified by the rye genomes. 


INTERSPECIFIC CROSSES 


AEGILOPS. In Aegilops species crosses, Kihara (1951) found 
pollen fertility to be influenced by maternal cytoplasm. The F, 
generation of the cross Aegilops longissima female x A. Aucheri 
averaged 0.3 per cent fertile pollen. 

Reciprocal backcrosses of the F, to A. Aucheri and A. longis- 
sima produced backcross generations in which pollen fertility was 
consistently higher in succeeding backcross populations which had 
A, longissima as the male parent. A. speltoides used as the pollen 
parent in crosses to (A. longissimax A. Aucheri) x ( Aucheri x 
Aucheri) increased pollen fertility more than 50 per cent above that 
in crosses involving A. Aucheri as the male. Kihara interpreted 
the different behavior of A. Aucheri and A. speltoides in back- 
crosses as being caused by a different degree of incompatibility 
between the two species and A. longissima cytoplasm. 

In a genome analysis of Aegilops triuncialis, Kihara and Kondo 
(1943) reported cytoplasmic influence on pollen fertility. The 
partially male-sterile amphidiploid (4. caudata female x A. umbel- 
lulata) was used as the female parent in crosses designed to deter- 
mine genome homologies in A. triuncialis subspecies fypica and 
persica. 

When typica was the female parent in crosses to the amphi- 
diploid, pollen fertility was 38.6 per cent; when persica was the 
female parent, pollen fertility was 52.8 per cent. In offspring of 
the reciprocal crosses, amphidiploid x typica male and by persica 
male, the pollen fertility was 14 and 16 per cent, respectively. 

Kihara and Kondo concluded that the 4. caudata cytoplasm in 
the amphidiploid controlled the reduction in pollen fertility, both 
in the amphidiploid and in offspring of crosses with A. triuncialis 
male. 

Kihara (1950) reported the lethal action of the cytoplasm on 
paternal genomes in Aegilops species crosses. F, plants of the 
cross Aegilops comosax A. uniaristata had 0.92-0.96 per cent 
good pollen and 0.82-1.11 per cent seed set. When F; plants 
were used as the female parent in backcrosses by A. comosa, all 
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backcross; progeny were fertile and had the same morphological 
characters as A. comosa. Backcross progeny from the cross F; 
female x A. uniaristata male were sterile and had the same mor- 
phological characters as the F; plants. 

Kihara concluded that in F,; plants which contained A. comosa 
cytoplasm, only the gametes containing the perfect A. comosa 
genome were functional; gametes containing either a perfect A. 
uniaristata genome or a mixture of genomes aborted. 


AQUILEGIA. Skalinska (1928a, b) reported matrocliny for spur 
length and approximately 50 per cent male and 20 per cent female 
sterility in F, hybrids of Aquilegia vulgaris x A. chrysantha and in 
F, hybrids of the reciprocal cross. The F2 hybrids of the cross 
A. chrysantha x A. vulgaris were matroclinous for spur length, 
while among the F, hybrids of the reciprocal cross paternal spur 
types were rarely observed. Skalinska (1928b) found degenera- 
tion of pollen at the tetrad stage or during formation of the gener- 
ative nuclei and degeneration of macrospores or mature embryo 
sacs. The authoress explained the partial sterility by assuming 
the inviable gametes to be those possessing the cytoplasm of the 
female and an entire or predominantly paternal genome. The ab- 
sence of paternal spur types in F2 populations was thus accounted 
for. Skalinska (1930) demonstrated that all paternal genes were 
not eliminated during meiosis by the production of some homozy- 
gous paternal characters in backcross generations of (A. vulgaris 
x A. chrysantha) x A. chrysantha male. 

The presence of different types of cytoplasm in different Aqui- 
legia species was demonstrated by Skalinska (1929). The off- 
spring of the cross A. californica x A. flabellata and reciprocal ex- 
hibited normal fertility and both maternal and paternal phenotypes 
occurred in the F, and Fy. generations. However, the F; off- 
spring of the cross A. flabellata female x A. chrysantha exhibited 
a high degree of male and female sterility and matrocliny for size 
and shape of spurs; no paternal spur types appeared in the Fo. 
The reciprocal hybrids showed no matrocliny and were highly fer- 
tile in the F, and Fy» generations. 

Skalinska (1931) reported F; hybrids of reciprocal crosses be- 
tween A. flabellata x A. truncata to be dissimilar in male and female 
fertility. F, offspring of the cross A. truncata x A. flabellata pos- 
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sessed a high percentage of fertile pollen and ovules. F, offspring 
of the reciprocal cross had 13 to 23 per cent fertile ovules and 
non-dehiscing anthers containing a high percentage of aborted pol- 
len. Skalinska assumed that the cytoplasm of A. flabellata in- 
duced pollen abortion regardless of the genetic constitution of the 
pollen grains, contrary to the previous assumptions of selective 
elimination. 

According to Munz (cf. Stebbins*), A. californica is a syno- 
nym of A. truncata; therefore, Skalinska’s (1929, 1931) results 
indicate that different strains of 4. truncata react differently with 
A. flabellata cytoplasm in regard to male-sterility. 


BEGONIA. Cytoplasmic male-sterility in reciprocal interspecific 
crosses within the genus Begonia was reported by Villerts (1942). 
The F, generation of the cross B. subvillosa x B. Schmidtiana was 
normal ; however, in the F; generation of the reciprocal cross, all 
the male flower buds abcissed at an early stage of development. 
The F, generation of the cross B. hirtellax B. Schmidtiana was 
normal, but the F, generation of the reciprocal cross dropped all 
male flower buds somewhat later than in the subvillosa cross. In 
the F, generation of the cross B. acuminata x B. Schmidtiana all 
plants were normal, while in the F; generation of the reciprocal, 
all male flower buds were dropped at the half-opened stage, the 
anthers were green and contained no pollen. In the first back- 
cross generation of (B. Schmidtiana x B. hirtella) x B. Schmid- 
tiana, a 1:1 segregation occurred for plants shedding all male 
buds and for plants at first shedding but later in the season re- 
taining them. Villerts interpreted these results as being due to 
the interaction of 6. Schmidtiana cytoplasm with a single gene or 
group of genes contributed hy the male parent. 


BRYONIA. Heilbronn and Basarman (1942) found that only 
fertile females were produced by the cross Bryonia dioica female x 
B, alba, while the offspring of the reciprocal cross were sterile 
males and females. This sterility was attributed to the suppres- 
sion of male and female determiners by the alba cytoplasm. Males 
and females were produced in both reciprocal backcrosses to (fe- 
male dioica x alba); however, no monoecious plants were pro- 
duced, although 50 per cent of the offspring of (female dioica x 


3 Stebbins, G. L., Variation and evolution in plants, 1950 [p. 57]. 
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alba) x alba male would be expected to be monoecious. The ab- 
sence of monoecious plants was accounted for by assuming the 
suppression of bisexual determiners in the alba genome by dioica 
cytoplasm. 

Heilbronn (1953) presented conclusions on sex determination 
in hybrids of B. dioica and B. multiflora, both dioecious species. 
The F, generation of the cross B. dioica x B. multiflora male was 
monoecious. The F, generation of the reciprocal cross was di- 
oecious. Heilbronn explained these results by assuming that 
dioica cytoplasm contains a bisexual potency which overbalances 
the relatively weaker genes producing the dioecious condition of 
multiflora, and that the interaction of the weaker monoecious po- 
tency of multiflora cytoplasm with dioica genes stronger in po- 
tency for dioeciousness results in the production of males and 
females in the reciprocal cross. 

The apparent contradiction in assumptions for the cytoplasmic 
action in B. dioica (1942), that dioica cytoplasm suppresses bi- 
sexual determiners of the alba genome, and that dioica cytoplasmic 
potency for bisexuality suppresses multiflora genes controlling 
dioeciousness (1953) may be explained as follows: A large pro- 
portion of inviable seed in the backcross population (dioica x alba 
male) x alba male led Heilbronn and Basarman (1942) to assume 
that the combination of dioica cytoplasm and the alba genome or 
genomes containing a large proportion of alba chromosomes in the 
hybrid was lethal. The potency for bisexuality of the dioica cyto- 
plasm is not expressed in the presence of dioica genes which con- 
trol dioeciousness, while in the presence of the less potent dioe- 
cious-controlling multiflora genes bisexuality is expressed. 


cirsIUM. In Cirsium oleraceum, monoecious plants produced 
only monoecious plants while female plants produced only female 
plants, although they were always fertilized by pollen from mo- 
noecious plants (Correns, 1916, 1928, 1937). In crosses of female 
C. oleraceum by C. canum, a species containing only monoecious 
plants, the progeny in six generations were exclusively female. 
Female plants of the cross C. oleraceum female x C. canum back- 
crossed by monoecious C. oleraceum for two generations produced 
only females. C. palustre, a gynodioecious species, used as the 
male parent in the cross (C. oleraceum female x C. canum) x C. 
canum) x C, palustre, produced only female offspring. These fe- 
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male plants crossed with C. palustre males produced only female 
offspring. Correns concluded that the female C. oleraceum plants 
contained in their cytoplasms some properties which inhibited the 
development of male floral parts, i.e., the C. oleraceum, C. canum 
and C. palustre genes controlling androecia production. 


EPILOBIUM. According to the reports of Geith (1924) and 
Lehmann (1925), hybrids resulting from reciprocal crosses of E. 
roseum x E, montanum were alike. Geith (1924) reported no 
reciprocal differences in the offspring of crosses between E. mon- 
tanum and E. luteum. Michaelis and Wertz (1935) obtained hy- 
brids only when E. montanum Jena was used as the female parent 
in crosses with E. hirsutum. Michaelis and Wertz concluded that 
inviability of the hybrids of the reciprocal cross was caused by 
interaction of the hybrid nucleus with hirsutum cytoplasm. When 
female plants of the constitution hirsutum genome in /ufeum cyto- 
plasm were crossed with E. montanum Jena, viable offspring were 
produced. 

Other strains of E. montanum from Munich produced viable 
offspring in reciprocal crosses with hirsutum and with plants con- 
taining the hirsutum genome in luteum cytoplasm. Partially fer- 
tile plants, containing 40 to 60 per cent fertile pollen, were pro- 
duced when montanum was the female parent; only mfle-sterile 
plants occurred when montanum was the male parent. 

In crosses between E. hirsutum female and E. roseuwm, only 
male-sterile offspring occurred, while offspring of the reciprocal 
cross contained about 20 per cent viable pollen. In the cross EF. 
roseum female x E. luteum, offspring containing 37 per cent viable 
pollen were produced, while the offspring of the reciprocal cross 
contained 25 per cent viable pollen. Michaelis and Wertz (1935) 
concluded that differences in pollen fertility in these reciprocal 
crosses resulted from cytoplasmic-genic interactions. 

Lehmann and Schwemmle (1927) found male and female steril- 
ity in reciprocal crosses between E. parviflorum and E. roseum. 
Complete sterility occurred in the reciprocal hybrids of E. parvi- 
florum and E. roseum strain I. When E. roseum strain II was 
used as the female in crosses to E. parviflorum, offspring with re- 
duced fertility were produced. Offspring of the reciprocal cross 
were completely sterile. A 1:1 ratio of sterile to reduced fertility 
plants occurred when EF. parviflorum male was crossed on the F; 
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hybrid of the two E. roseum strains. The authors explained these 
results by assuming that a fertility-inhibiting gene carried by the 
E. roseum strains interacted with parviflorum genes and parvi- 
florum cytoplasm to suppress male and female fertility. The in- 
hibiting gene carried by the E. roseum strain I was assumed to 
interact in the same manner with parviflorum genes and roseum 
cytoplasm, while the inhibiting gene of E. roseum strain II inter- 
acted with parviflorum genes and roseum cytoplasm to reduce 
male and female fertility. 

Michaelis (1943) observed only normal offspring in the cross 
E. parviflorum female x E. hirsutum Jena. In crosses of several 
parviflorum strains on EF. hirsutum Jena female, the offspring 
either died before flowering time or never produced flowers. 
Only one parviflorum strain, Crailsheim, produced flowering off- 
spring when crossed on hirsutum Jena, and all flowers were pol- 
len-sterile. Michaelis interpreted the lethality, absence of flowers 
and male-sterility as being caused by the interaction of hirsutum 
Jena cytoplasm with the hybrid nuclei. 

Michaelis (1929, 1932, 1933) found the F, generation of the 
cross Epilobium hirsutum female x E. luteum completely pollen- 
sterile, although meiosis was normal. In the F; generation of the 
reciprocal cross, viable pollen ranged from 15 to 20 per cent, and 
no completely male-sterile plants occurred. Backcrossing (E£. 
luteum x E, hirsutum) by E. hirsutum male, using a vegetatively 
reproducing clone of hirsutum to avoid heterozygosity in the male, 
and selecting for the paternal phenotype, produced strains con- 
taining the hirsutum genome in luteum cytoplasm. During the 
first several backcross generations, plants occurred with varying 
degrees of pollen sterility. Plants with a high percentage of via- 
ble pollen could be maintained only by selfing. Backcrosses of 
highly pollen-fertile plants invariably segregated and in advanced 
backcross generations consisted of almost 100 per cent male-sterile 
plants. The combination of E. hirsutum genomes in E£. luteum 
cytoplasm was assumed by Michaelis (1933) to produce pollen 
sterility. 

LINUM. Gajewski (1937) reported a case of the interaction of 
nuclear and cytoplasmic factors which produced sterility in species 
crosses in Linum. Linum floccosumx L. usitatissimum and the 
reciprocal cross produced normal plants in the F, generation. 
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Segregation of normal and male-sterile plants occurred in the Fy» 
generation of the first cross, but only normal plants were produced 
in the F, generation of the latter. Reciprocal crosses of L. floc- 
cosum x L. angustifolium produced only normal plants in the F, 
and F» generations. Male-sterile plants from the F2 generation of 
the cross L. floccosumxL. usitatissimum were crossed by L. 
angustifolium. The F, generation contained only normal plants, 
while there was segregation of normal and male-sterile plants in 
the F, generation. Gajewski explained these results by assuming 
that a pair of homozygous recessive alleles from L. usitatissimum 
in L. floccosum cytoplasm produced male-sterility. Both L. floc- 
cosum and L. angustifolium contained these alleles in the homozy- 
gous dominant condition, and plants homozygous or heterozygous 
for the dominant allele were normal in any of the cytoplasms 
tested. This interpretation of the interaction of a pair of reces- 
sive genes with a specific cytoplasm to produce male-sterility had 
previously been published by Chittenden (1927) and Gairdner 
(1929). 

NICOTIANA. East (1932) obtained normal plants in the F; 
generation of the cross Nicotiana Langsdorfii x N. Sanderae and 
in the F, generation of the reciprocal cross. In the F, and back- 
cross generations of N. Langsdorfii x N. Sanderae, segregation of 
normal and male-sterile plants occurred, while only normal plants 
appeared in the F. and backcross generations of the reciprocal 
cross. In both cases the recurrent parent of the backcross was the 
male parent of the original cross. East demonstrated that when- 
ever two S factors (other than S-) were present in the cytoplasm 
of N. Langsdorfi, male-sterile plants occurred; while the combi- 
nation of S factors and N. Sanderae cytoplasm produced only nor- 
mal plants. 

A different type of male-sterility in tobacco has been reported 
by Clayton (1950). Normal tetraploid (n=48) plants from the 
cross Nicotiana debneyix N. tabacum, when backcrossed by N. 
tabacum, produced offspring in which 90 per cent of the plants 
were male-sterile. The second backcross generation was 97 per 
cent male-sterile. Incompletely male-sterile plants from the sec- 
ond backcross generation were used as male parents in crosses to 
N. tabacum to produce a reciprocal third backcross generation. 
No male-sterile plants occurred in this progeny; and in further 
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backcrosses to NV. tabacum, regardless of the direction of the cross, 
only normal plants were produced. Repeating the above processes 
with a N. megalosiphon x N. tabacum cross gave similar results 
with 100 per cent male-sterility in the F, and backcross genera- 
tions when N. tabacum was used as the male parent. 

Clayton considered the gradual development of male-sterility in 
the first series of crosses as being due to a progressive incompati- 
bility between the cytoplasmic constituents of N. debneyi and nu- 
clear constituents of N. tabacum. Clayton suggested that male- 
sterility might have a practical use in the production of hybrid 
seed and in eliminating topping in some types of tobacco. 


OENOTHERA. Schwemmle et al. (1938) found that interactions 
between Oenothera odorata plastids and certain chromosome com- 
plexes resulted in lethality or reduction in fertility. O. Berteriana 
contains the complexes B and 1, O. odorata v and I. Interspecific 
complex combinations BI, lv and II in F, plants of the cross O. 
Berteriana female x O. odorata were viable, and these F; plants, 
when self-pollinated, produced viable II and vv complexes. 
Crosses between F,’s produced viable plants containing the 
odorata complexes vI in Berteriana cytoplasm. The reverse, Ber- 
teriana Bl complexes in odorata cytoplasm, was lethal. 

In the offspring of the cross O. odorata female x O. Berteriana, 
II produced aborted seed; BI and lv resulted in weak yellow 
plants that were highly sterile due to meiotic irregularities. The 
II and vv combinations resulting from selfing F, BI and lv plants 
were lethal. The yellow plant color, general weakness and meiotic 
irregularities were caused by a decrease in number and chloro- 
phyll content of the odorata plastids in the presence of BI or lv 
complexes. The odorata plastids recovered their normal chloro- 
phyll content, increased to their normal number, and fertility was 
restored to normal during, self-pollination for five generations. 
The recovery of full fertility and normal color was demonstrated 
to be caused by a gradual change in the genomes BI and lv. Ifa 
change in plastids had occurred, two complex heterozygotes BI 
and II would have been expected from the cross “ recovered” BI 
in odorata cytoplasm x IIT male (II is not transmitted in pollen). 

The complexes Bl and II had been demonstrated to be lethal in 
combination with odorata plastids, and no offspring were obtained 
from the above cross. Therefore, Schwemmile et al. (1938) as- 
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sumed that a change in genomes had occurred during selfing of 
BI and lv instead of a change in plastids. It was demonstrated 
that the cytoplasm was not involved in interactions with com- 
plexes producing lethality or reduced fertility. Because pollen 
tube transmission of plastids occurs in Oenothera and because 
odorata plastids in combination with certain complexes produced 
variation in foliage color, Schwemmle et al. (1938) were able to 
produce strains containing various complexes in odorata cyto- 
plasm having Berteriana plastids. O. odorata cytoplasm contain- 
ing Berteriana plastids did not produce yellow, weak, highly 
sterile plants in the presence of the BI complexes. Also, the 
lethal combination of the complexes II in odorata cytoplasm con- 
taining odorata plastids was viable in odorata cytoplasm contain- 
ing Berteriana plastids. 

Kistner (1955) found embryo abortion in crosses involving O. 
Hookeri female and O. Berteriana, O. odorata and O. argentinea 
males. Whenever O. Hookeri was the female parent, few or no 
viable seed were produced. The reciprocal crosses produced large 
quantities of seed with high germination percentages. [istner 
concluded that inviable embryos resulted from failure of interac- 
tion of Hookeri plastids with the hybrid nuclei. 

Using female plants containing the v and I complexes in 
odorata and Berteriana cytoplasms in a series of crosses with polli- 
nator plants containing the B, v, 1, and I complexes, Schwemmle 
(1951, 1952) and Schwemmle and Keopchen (1953) demon- 
strated cytoplasmic influence on the affinity between pollen tubes 
and ovules. O. argentinea, O. scabra and O. longiflora containing 
the complexes ha, hsc and hl, respectively, were also used as polli- 
nators. Schwemmle and Koepchen (1953) found that pollen gen- 
erative nuclei containing the B, 1, v, ha or hsc complexes fertilized 
v egg cells containing odorata cytoplasm more frequently than v 
egg cells containing Berteriana cytoplasm. Egg cells containing 
Berteriana cytoplasm and the I complex were fertilized more fre- 
quently by the B, 1, ha, hsc, or hl complexes than were egg cells 
containing odorata cytoplasm and the I complex. 

The authors also found that the cytoplasm of the pollen tube in- 
fluences fertilization. More fertilizations of v, I and | egg cells 
were obtained with the v complex in Berteriana pollen tube cyto- 
plasm than with the v complex in odorata pollen tube cytoplasm. 
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Differential chemotropic attraction of pollen tubes to ovules re- 
sulted. in selective fertilization. The cytoplasm of the ovule influ- 
enced the degree of attraction. In addition, the cytoplasm of the 
pollen in some cases was found to control the rate of tube growth. 


SACCHARUM. Raghavan (1951) tentatively interpreted the 
male-sterility in reciprocal interspecific crosses in the genus Sac- 
charum as being controlled by the interaction of nuclear genes and 
certain cytoplasmic properties contributed by S. spontaneum. 
Whenever S. spontaneum was used as the female parent in crosses 
with S. officanarum, S. barberi and S. Sclerostachya, male-sterile 
F, generations were produced, while normal F; generations re- 
sulted from reciprocal crosses. S. spontaneum x S, Sclerostachya 
backcrossed by S. Sclerostachya produced a progeny segregating 
1:1 for male-sterile and normal plants. This segregation led 
Raghavan to postulate that the interaction of heterozygous genes 
and cytoplasm from S. spontaneum produced male-sterility. 


SOLANUM. Lamm (1941, 1945) interpreted male-sterility in 
interspecific crosses within the genus Solanum as being due either 
to cytoplasmic inheritance or to maternal effects. Meiosis in the 
pollen mother cells of S. curtilobium x S. tuberosum was normal. 
Meiosis in pollen mother cells of hybrids resulting from the recip- 
rocal cross was characterized by weak pairing at prophase and by 
the occurrence of univalents exclusively at metaphase I. The uni- 
valents were often arranged on a regular plate, divided, and 
passed to both poles. This produced dyads whose nuclei generally 
degenerated. Meiosis was normal in the embryo sac mother cells 
of both reciprocal crosses. 

Lamm (1953) reported a similar type of male-sterility in the 
offspring of the cross octoploid S. acaule x tetraploid S. tubero- 
sum. The offspring of the hexaploid F, hybrids reciprocally 
crossed with S. tuberosum exhibited differences in pollen fertility. 
The F, hexaploids crossed by S. tuberosum male produced penta- 
ploid offspring which were highly fertile. The pentaploid off- 
spring of the reciprocal cross were completely male-sterile. Pol- 
len mother cells exhibited abnormal meiotic behavior. Lamm 
explained the occurrence of male-sterility as being due to an inter- 
action between S. tuberosum cytoplasm and one or more genes 
from S. acaule. 
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Koopmans (1951) found that the F, generation of the cross 
Solanum rybinii female x S. chacoense was normal and that the F2 
generation segregated abnormal flowers. The abnormalities 
ranged from anthers reduced in size to anthers transformed into 
ovaries with a stigma-like appendage. Meiosis was normal. 

In the first backcross generation of abnormal F, plants x S. 
chacoense male, the number of abnormal plants increased as did 
the intensity of abnormality (Koopmans, 1952, 1954). Back- 
crossing normal F, plants with S. chacoense pollen also increased 
the number of abnormal plants and degree of abnormality over 
that in the F,. Backcrossing normal and abnormal backcross; 
plants with S. rybinii pollen produced only normal offspring. 

Koopmans (1955) used two strains of S. chacoense in crosses to 
S. rybinii males. One strain produced only normal I, offspring. 
The other strain produced two berries, one of which produced a 
normal F, population, the other a male-sterile F, population. F» 
populations acquired by crossing normal x normal or male-sterile 
xnormal F, plants segregated normal and male-sterile plants. 
Backcrosses of normal and male-sterile F; plants by S. rybtnii pol- 
len also gave populations segregating normal and male-sterile 
plants. 

Koopmans concluded that the anther and pollen abnormalities 
in the F, and backcross generation of the reciprocal crosses might 
be caused by discordance between maternal cytoplasm and pater- 
nal genes. 


STREPTOCARPUS. Oehlkers (1938, 1940), working with Strep- 
tocarpus, obtained results somewhat similar to those of Correns 
with Cirsium. S. Wendlandiix S. Rexii produced a male-sterile 
F, generation ; stamens appeared as filaments and the ovules were 
fertile. Backcrosses by S. Rexti yielded progeny segregating 1:1 
for male-sterile plants like the F; type and plants with female-like 
androecia. Five backcross generations produced increasing fe- 
male-like tendencies in the androecium., In the reciprocal cross, 
the F, generation was male-fertile but had a high percentage of 
sterile ovules. The F2 and backcross generations remained male- 
fertile but there was an increase in the percentage of sterile ovules. 

Oehlkers (1938, 1941) conducted similar experiments and ob- 
tained results comparable to the above with species crosses of S. 
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soleanthus x S. Wendlandii and reciprocal; S. soleanthus x S. 
Comptonii and reciprocal; S. Comptonti x S. Rexti and reciprocal ; 
and S. Wendlandii x S. grandis and reciprocal, Oecehlkers con- 
cluded that the cytoplasms of S. Rexii, S. soleanthus and S. grandis 
were alike in inhibiting development of the gynoecium when in 
combination with genomes from S. Wendlandii or S. Comptonis, 
while the cytoplasms of S. Wendlandti and S. Comptoni were 
alike in inhibiting development of the androecium when in combi- 
nation with genomes from S. Rexii, S. grandis or S. soleanthus. 


vitis. Patel and Olmo (1955) found that varieties of Vitis 
vinifera could be successfully crossed with various clones of V. 
rotundifolia male, but all reciprocal combinations failed to produce 
viable seed. The authors demonstrated that failure of pollen tube 
growth was not responsible for the failure of the cross V. rotundi- 
folia female x V. vinifera. Patel and Olmo concluded that the 
cytoplasm of the embryo sac or maternal tissue surrounding the 
embryo sac in ’. rotundifolia was responsible for the absence of 
viable seed. 


INTRASPECIFIC CROSSES 


ALLIUM. Peterson and Foskett (1953) and Foskett (1954) re- 
ported cytoplasmic male-sterile onions in the offspring of Scott 
County Globe x Fy, (Australian Brown x Persian White). Fos- 
kett’s (1954) results indicated that Scott County Globe sterility 
was inherited in the same manner as the Italian Red sterility and 
that nuclear genes involved in the production of the male-sterile 
phenotype were allelic in these two varieties. Male-sterility in 
the Italian Red variety is discussed in this article in the section 
“Cytoplasmic Male-Sterility Occurring Apparently Spontane- 
ously ”. 


EPILOBIUM. Michaelis (1939) observed no differences in F; 
populations of reciprocal crosses involving five races of Epilobium 
hirsutum. However, it was found that when the race Giessen or 
Vienna was the female parent of the original cross, male-sterile 
plants with deformed flowers occurred in the F, generation in the 
ratio of 1:3 and in the first backcross generations in a 1:1 ratio. 
Normal F, and first backcross generations occurred in crosses in 
which the races Kew rosa, Kew albiflorum and Cambridge rosa 
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were the female parents. Michaelis and Michaelis (1948) found 
that all plants in the tenth backcross generation of (Vienna x Kew 
albiflorum) x Kew albiflorum male had deformed flowers but that 
the degree of deformation and pollen sterility varied, due to the 
action of modifying genes. Michaelis (1939) interpreted the ap- 
pearance of deformed flowers and pollen sterility as being due to 
the interaction of a gene, deformatum, in the homozygous reces- ~ 
sive condition with the cytoplasm of Geissen and Vienna. Both 
Geissen and Vienna carried the deformatum gene in the homozy- 
gous dominant condition, while the races Kew rosa and Kew albi- 
florum were homozygous recessive, and Cambridge rosa heterozy- 
gous for the gene. The segregation of cytoplasmic pollen-sterile 
plants in all other Epilobium crosses, both intra and interspecific, 
indicates cytoplasm-polygene interaction. 

Michaelis (1942) reported that pollen fertility was normal in 
offspring of the crosses E. hirsutum Jena female x the races 
Klausenburg, Kolleda, Fuchstrum and Saaleufer, while pollen ste- 
rility produced by interaction of these races’ cytoplasms with Jena 
genes prevailed in the offspring of the reciprocal crosses. 
Michaelis (1942) also found that the E. hirsutum races Kew 
albiflorum, Xanthi and Attika possessed cytoplasms inducing pol- 
len sterility in crosses with numerous races of E. hirsutum. Re- 
ciprocal crosses involving these three races as males produced 
male fertile offspring. The cytoplasms of these three races was 
demonstrated to be different when pollen abortion occurred at dif- 
ferent stages in the hybrids of the three races with the same male 
parent. 

Michaelis and Bakker (1948) reported normal pollen produc- 
tion in the offspring of the crosses Attika x Saaleufer and Attika 
x Klausenberg and reciprocals. According to the authors, four 
strains produced partial sterility when Attika was the female 
parent and complete fertility in the reciprocals, while crosses in- 
volving 15 races produced complete pollen sterility when Attika 
was the female parent, and complete fertility in the reciprocal. 
Crosses between Attika and Kew albiflorum female produced off- 
spring with high polien fertility, while offspring of the reciprocal 
were completely pollen sterile. 

In the cross Kew albiflorum female x Xanthi, 2.8 per cent viable 





CYTOPLASMIC MALE-STERILITY 713 


pollen was produced while complete pollen abortion characterized 
the reciprocal (Michaelis and Michaelis, 1948). 

The only report of disturbances in meiosis in the extensive 
Epilobium literature concerns crosses involving the strain Mun- 
chen with the strains Vienna, Xanthi and Stuttgart (Michaelis 
and Michaelis, 1948). Here, male-sterility appeared in the off- 
spring of reciprocal crosses and could not be attributed to cyto- 
plasmic action. 

The cross Xanthi x Erlangen and reciprocal also produced only 
male-sterile offspring. Michaelis (1954) states that measure- 
ments, showing small quantitative differences, indicat*d that the 
cytoplasms of these two strains were different, but the cytoplasmic 
sensitive genes of Xanthi reacted with Erlangen cytoplasm in the 
same way that the cytoplasmic sensitive genes of Erlangen reacted 
with Xanthi cytoplasm. 

The offspring of the cross Xanthix Laibach were male-fertile, 
and it would be assumed that Laibach possessed no genes sensi- 
tive to Xanthi cytoplasm, although the reciprocal and backcross 
necessary to demonstrate this were not carried out. The offspring 
of the cross Saaleufer x Xanthi were male-fertile. The.offspring 
of the reciprocal cross contained completely sterile, partially sterile 
and completely fertile plants, indicating that the Saaleufer race 
was heterozygous for genes sensitive to Xanthi cytoplasm. The 
offspring of the cross Xanthi x Windsheim segregated partially 
male-sterile and sterile plants, and, although the reciprocal cross 
was not made, Windsheim is also assumed to be heterozygous for 
genes sensitive to Xanthi cytoplasm. Thirty-seven other strains 
of E. hirsutum produced pollen-sterile offspring when crosses 
were made on Xanthi female; offspring of the reciprocal crosses 
were male-fertile. These strains are assumed to be homozygous 
for genes sensitive to Xanthi cytoplasm. 

Michaelis and Bakker (1948) investigated reciprocal crosses of 
E. hirsutum in which the race Caen possessed recessive genes sen- 
sitive to the cytoplasm of the race Insel candidum. In the cross 
Caen x Insel candidum and reciprocal all offspring were pollen- 
fertile. Caen x Insel candidum self-pollinated and backcrossed by 
Caen or Insel candidum produced only male-fertile offspring. 
The offspring of the backcross (Insel candidum x Caen) x Insel 
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candidum were male-fertile, while the offspring of the backcross 
involving Caen as the male parent produced completely and par- 
tially sterile plants, and the offspring from self-pollination of the 
cross Insel candidum x Caen contained male-fertile, partially ster- 
ile, and sterile plants. 

Michaelis and von Dellinghausen (1942) described male-steril- 
ity in interracial E. hirsutum crosses similar to that in Vicia 
(Sirks, 193la, 1932). When Jena was the female parent in 
crosses with the South African races Parys and Kirstenbosch, the 
F, embryos died early in development. Treating ovaries with 
lowered temperatures enabled embryos to increase in size; how- 
ever, they eventually aborted. The offspring of the reciprocal 
crosses were normal. F, and Fy» plants of the cross Parys female 
x Jena male were crossed on Jena female. Certain F2 segregates 
could not fertilize the Jena ovules because growth of pollen tubes 
was inhibited in the Jena styles. 

This type of sterility involving interaction of stylar cytoplasm 
and pollen nuclei is similar to that reported by Schwemmle and 
Koepchen (1953). Other combinations produced embryos which 
died early in development. The viable combinations were in- 
hibited or distorted in vegetative growth or pollen fertility; a few 
plants were normal and were indistinguishable from the Jena pheno- 
type. There was a close correlation between the degree of inhibi- 
tion and number of characters by which the segregates resembled 
Parys. The closer a plant attained to the Parys phenotype, the 
greater was the vegetative distortion and pollen sterility. The 
most distorted plants, dwarfs, resembled neither parent. Michaelis 
(1954) concludes that most of the Parys genes became sensitive 
in Jena cytoplasm. 


GODETIA. Hiorth (1948a, b) reported genome-cytoplasmic in- 
teractions leading to male-sterility in interstrain crosses of Gode- 
tia Whitneyi. When the strain fulgida was used as the female in 
crosses to the Bremen strain, the offspring had reduced anthers. 
Backcrosses by Bremen male produced populations segregating 
1:1 plants with anthers reduced as much as F; plants and plants 
with greater reduction of anthers, some being transformed into 
pistils, as in Streptocarpus (Oehlkers, 1938, 1940). Plants with 
deformed anthers did not occur in the offspring of crosses involv- 
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ing Bremen as the female parent. Hiorth postulated a gene in 
the Bremen strain which interacted with fulgida cytoplasm to pro- 
duce the aberrations. A wild strain of G. Whitneyi from Oregon 
was found to have the same type of cytoplasm as fulgida. 


LINUM. In crosses between tall and procumbent races of flax, 
male-sterile plants in a ratio of 1:3 occurred in the F2 generation 
when procumbent was the female parent in the original cross 
(Bateson and Gairdner, 1921). No male-sterile plants occurred 
in the F, generation of the reciprocal cross. Chittenden and Pel- 
lew (1927), Chittenden (1927) and Gairdner (1929) carried the 
breeding program further by means of backcrosses and self-polli- 
nations. The results obtained were interpreted as follows: the 
tall race contains “ tall”’ cytoplasm and genes mm; the procum- 
bent race contains “procumbent” cytoplasm and genes MM. 
Both races are normal hermaphrodites ; therefore, when genes mm 
were combined with “ procumbent” cytoplasm, male-sterility re- 
sulted. The other five possible combinations produced only nor- 
mal hermaphrodites. 

This interpretation does not explain the occasional occurrence 
of partially fertile plants in the offspring of selfed fertile F, plants. 
Von Wettstein (1946) found that when such partially fertile 
plants were selfed, the offspring were predominantly male-sterile 
but also that some partially fertile plants and a few classified as 
“ fertile’’ occurred. Backcrosses by the tall race produced pre- 
dominantly sterile and never fertile progeny. Backcrosses by the 
procumbent race produced only fertile, or fertile and partially fer- 
tile progenies. Von Wettstein interpreted these results as being 
due to residual procumbent genes for partial fertility segregating 
in procumbent cytoplasm after backcrossing with tall. These 
genes modified the effects of mm in the procumbent cytoplasm, 
and, instead of the expected completely sterile condition, partial 
fertility was occasionally attained. 


oryZA. Hsu (1945) interpreted the male-sterility in F, hybrids 
of interracial crosses involving japonica and indica rice to be con- 
trolled by three pairs of genes. Hsu used the indica type as the 
female parent in all crosses. Sampath and Mohanty (1954) re- 
ported semi male-sterility in both of the reciprocal crosses. The 
semi-sterility occurring when japonica was the female parent was 
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attributed to chromosomal abnormalities (inversions). A statis- 
tically significant increase in sterility was apparent in the F; hy- 
brids of the reciprocal cross which the authors interpreted as a 
cytoplasmic effect on pollen development when indica cytoplasm 
and japonica genes were combined. 


SATUREIA. Correns (1904, 1908) demonstrated the influence of 
the maternal cytoplasm on sex determination in Satureia hortensis. 
Gynomonoecious and female plants occur in this species; the off- 
spring of gynomonoecious plants are always gynomonoecious, the 
offspring of female x gynomonoecious plants are always female. 
Von Wettstein (1924) interpreted these results by assuming that 
the female cytoplasm inhibited the functioning of factors control- 
ling stamen production contributed by the male parent. Punnett 
(1927) reached the same conclusion after examining several thou- 
sand plants in populations of S$. hortensis and finding no excep- 
tions to the rule that the offspring always were of the same sex 
as the maternal parent. 


SORGHUM. In reciprocal crosses between Double Dwarf Yellow 
Sooner Milo, Day (a derivative of milo) and Texas Blackhull 
Kafir, F, plants were fertile; however, some partial male-sterility 
occurred in F2 generations of crosses having milo as the female 
parent (Stephens and Holland, 1954). Male-sterility increased in 
the first backcross generation where kafir was the pollen parent 
and F, or F2 plants of the cross milo x kafir were the female par- 
ents, and more than 99 per cent male-sterility occurred in the sec- 
ond backcross generation. When milo was used as the pollen par- 
ent in crosses to F; or F2 plants of the cross milo x kafir, complete 
male fertility was produced. Stephens and Holland suggested that 
this type of male-sterility was caused by an interaction between 
milo cytoplasm and nuclear factors from kafir. 

According to Quinby and Martin (1954), J. B. Sieglinger of 
the Oklahoma Agricultural Experiment Station and the United 
States Department of Agriculture has produced a male-sterile 
sorghum with no Day milo cytoplasm in its parentage. The in- 
heritance of this character seems to be cytoplasmic. 

Utilization of cytoplasmic male-sterility has made possible the 
production of sorghum hybrids on a commercial basis. Stephens 
and Holland outlined the following methods used for producing 
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hybrid seed. The male-sterile strain is continued by repeated back- 
crosses to its normal counterpart; the male-sterile strain is then 
used as the female parent in crosses with a fertility-restoring 
strain, thus producing hybrid seed. Kramer (1955) states that 
experimental sorghum hybrids have yielded 20 to 40 per cent 
more grain than common varieties. Kramer also states that the 
seed for producing sorghum hybrids will be available in large 
quantities by 1957. 


victa. Sirks (193la, 1932) described the elimination of five 
homozygous recessive paternal genes from linkage group number 
I, aaeemmoo, in the F, generation of the cross Vicia faba minor 
AAEEMMOO xl. faba major male. The elimination resulted 
from abortion of approximately 25 per cent of the ovules. No 
elimination of paternal or maternal genes was found in the F»2 gen- 
eration of the reciprocal cross. 

Sirks (1932) assumed that elimination was produced by a “dif- 
fused” lethal factor involving the homologous chromosomes con- 
taining agaeemmoo in minor cytoplasm. Sirks discarded the as- 
sumption of a single lethal gene in the major linkage group I, 
since no recombinations between the assumed lethal gene and 
dominant minor alleles or between the assumed non-lethal minor 
allele and recessive major aaeemmoo genes occurred. 

Stern (1933) has shown that Sirks’ assumption of lethal action 
involving entire chromosomes is inadequate in accounting for 
elimination. Stern postulated a single pair of lethal factors ab- 
solutely linked to the major genes aaeemmoo to account for the 
abortion of ovules carrying minor cytoplasm in the F»2 generation. 


ZEA. Josephson and Jenkins (1948) examined male-sterility in 
certain corn hybrids after farmers in Kentucky, Tennessee and 
Indiana reported fields which failed to set seed properly. Joseph- 
son and Jenkins’ data showed that in the hybrids tested a high de- 
gree of male-sterility occurred only when inbred 33-16, and in a 
limited number of cases Ky27, was the seed-parent in single 
crosses, or was the seed-parent of the seed-parent single cross 
used in producing a double cross. When these inbreds were used 
as the male parent in crosses, only normal plants were produced. 
A majority of the single crosses tested using 33-16 or Ky27 as 
the seed-parent were normal or had a very low percentage of 
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male-sterile plants, while three-way and double crosses were 
highly sterile. The authors interpreted these results as indicating 
that at least two genetic factors, contributed by the male parent 
plus the cytoplasmic factor of the female parent, were necessary 
for the expression of male-sterility. 

Rhoades (1950) reported normal, partially sterile and male- 
sterile plants in the F,; generation of the cross ijij x normal male, 
while the F, generation of the reciprocal cross was composed of 
green normal plants. Male-sterile F, plants pollinated by unre- 
lated normal individuals produced populations containing all male- 
sterile plants. Rhoades assumed that the male-sterile phenotype 
was produced by the action of the iojap gene in the homozygous 
condition on some cytoplasmic factor. However, male-sterility 
and striping due to mutated plastids were not found to be con- 
trolled by the same cytoplasmic factor. Mutation of plastid pri- 
mordia was independent of the factor producing male-sterility, for 
if both characters were controlled by mutated plastids, only white 
plants would be male-sterile, striped plants partially sterile and 
green plants normal. These conditions have not been found 
(Rhoades, 1950). Mazoti (1949, 1954a) has demonstrated that 
the gene R, either homozygous dominant or heterozygous, sup- 
presses the striping action of the iojap gene. Mazoti (1950, 
1954b) has shown that teosinte cytoplasm also suppresses the 
striping action of iojap. It would be interesting to determine 
whether the gene FR or teosinte cytoplasm would have any influ- 
ence on the initiation of male-sterility by the iojap gene. 

Schwartz (1951) reported male-sterile corn plants in the F, 
generation of the cross 9936(c) x Kys. The male-sterile plants 
were in a ratio of one sterile to one normal. The F; generation 
of the reciprocal cross had only normal plants. When normal sibs 
of the cross 9936(c) x Kys were used as male parents in crosses 
to male-sterile sibs, a 1:1 ratio of male-sterile to normal plants 
resulted. When normal sibs from segregating populations were 
self-pollinated or crossed by Kys, the offspring were normal. 
These results indicated that a one-gene difference was responsible 
for male-sterility, the gene for sterility expressing its effect only 
in cytoplasm from 9936(c). 

When, however, male-sterile plants were outcrossed by different 
unrelated lines, the F, and F.2 generations were normal. Back- 
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crosses of F, plants to male-steriles produced only normal prog- 
enies as did subsequent backcrosses through the fourth generation. 
A one-gene hypothesis could not account for these results. When 
Kys was used as the male parent in crosses to normal plants in 
these F; and backcross populations, both male-sterile and normal 
plants were obtained. Thus Kys was shown to carry factors per- 
mitting the expression of sterility. Schwartz reported crossing 
21 lines, and Bauman (1951) reported the crossing of 250 inbred 
lines to male-sterile plants; only normal plants were obtained from 
all crosses. Schwartz explained these results by assuming inter- 
action of three factors: cytoplasm from 9936(c), a dominant gene 
for male-sterility Ms2,; and a dominant sterility suppressor S@. 
Complete selective fertilization was found to occur with only S®* 
pollen fertilizing the eggs. Male-sterile plants were assumed to 
have the appropriate cytoplasm, the gene Ms2, either homozygous 
or heterozygous dominant and the S®* gene homozygous reces- 
sive. The alternative condition of any one of these three factors 
would result in a normal plant. In the same paper Schwartz re- 
ported the discovery of another male-sterile character whose 
breeding behavior was identical to that of the 9936(c) x Kys type. 

Bauman (1951) and Jugenheimer (1951) emphasized the ad- 
vantage of using Kys male-sterility in hybrid seed production; 
restoration of fertility to the commercial hybrids would occur 
when standard inbreds were used as pollinators, since they were 
assumed to contain normal cytoplasm and homozygous genes 
Ms2,Mso,S°*S°*. Leng and Bauman (1955) discussed breeding 
procedures for incorporation of Kys sterility into standard inbreds 
and for the production of commercial hybrids. The use of Kys 
male-sterility in commercial hybrid seed prdduction depended on 
the development of a converted fertile inbred line which would 
contain normal cytoplasm and Msq,:Msq,S°*SS* (genes for male- 
sterility), to be used as the male parent in the production of the 
seed parent of the double cross. During attempts to develop such 
converted inbreds, Leng and Bauman (1955) found that three 
standard inbreds contained sterile cytoplasm or something equiva- 
lent to it. This obviated the use of Kys sterility with these in- 
breds. The authors state that “there appears to be no justifica- 
tion for further attempts to incorporate this source of sterility into 
inbred lines for use in commercial production”. And they fur- 
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ther state that “these findings raise considerable doubt that any 
specific ‘ sterile’ cytoplasm actually is necessary for the expression 
of male sterility in plants of the sterile genotype Ms2:ms2;s°*s®* ”. 

Jones and Mangelsdorf (1951) reported testing several cyto- 
plasmic male-sterile lines of corn for their interaction with various 
inbred lines. Among the sterile types they tested, the Teopod 
male-sterile, developed by M. T. Jenkins, is reported to have been 
found in Teopod crossed by a linkage tester. Some inbred lines 
crossed on the Teopod sterile produced normal F; generations; 
other inbred lines produced male-sterile, or segregating male- 
sterile and normal F; generations. Backcrosses by the same in- 
bred line produced exclusively male-sterile populations if the F; 
generation was completely male-sterile. These conditions prevail 
also in the reports of male-sterility in Zea contained in the follow- 
ing section. 


CYTOPLASMIC MALE-STERILITY OCCURRING APPARENTLY 
SPONTANEOUSLY 


zEA. The previous report and several of the following on the 
spontaneous occurrence of male-sterility in corn are necessarily 
brief, since descriptions in the literature are very limited. 

Jones (1952a) mentioned testing a type of male-sterility in a 
yellow flint variety introduced from Turkey. 

Freeman (1952) reported testing a male-sterile type discovered 
in 1949 in the Rancho Barieto variety of corn introduced from 
Paraguay. 

Rogers and Edwardson (1952) reported the occurrence of cyto- 
plasmic male-sterility in several closely related Texas corn varie- 
ties. This type of sterility was first found by P. C. Mangelsdorf 
in the Mexican June variety, and subsequently in the Golden June 
and Honey June varieties. Later Rogers observed male-sterility 
in the Red June variety and in an inbred derived from the Golden 
June variety. These five instances of sterility are probably inde- 
pendent occurrences of the same type of sterility. The sterility in 
Golden June and Honey June, both derivatives of Mexican June, 
undoubtedly was derived from the male-sterile character found in 
Mexican June. The majority of U.S. inbreds do not restore fer- 
tility to F,; populations when crossed on Texas cytoplasmic male- 
sterile lines. In crosses of Latin American varieties on Texas 
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cytoplasmic male-sterile lines, Edwardson (1955) reported that a 
single dominant gene was responsible for fertility restoration. 

Jones and Mangelsdorf (1951) tested a type of male-sterility in 
a South American variety, B, obtained from F. G. Brieger in 
Brazil. 

All cases of spontaneous occurrence of sterility in Zea are not 
identical. The same inbred used as the male parent in crosses to 
the Texas, Brazilian and Teopod male-sterile lines produced F; 
generations which were not of the same composition with respect 
to sterility (Jones and Mangelsdorf, 1951). Briggle (1955) re- 
ported that the Teopod, Brazilian, Vg and Reid sources of male- 
sterility were not greatly different in cytoplasmic-genotypic inter- 
actions, while the Texas and Kys types were distinctly different 
from each of the other sources. 

The first occurrence of the cytoplasmic inheritance of male- 
sterility in corn was reported by Rhoades (1931). One male- 
sterile plant was observed in the offspring from an open-pollinated 
ear of Peruvian corn. The male-sterile plant crossed by a Chilean 
variety produced an F, generation which was completely male- 
sterile. Rhoades (1933) found that transferring each of the ten 
chromosome pairs from normal linkage testers into the cytoplasm 
of the male-sterile plants had no effect on the character, the off- 
spring remained male-sterile. Using partially fertile plants as pol- 
len parents in crosses to unrelated testers, Rhoades found no 
transmission of sterility through the pollen. 

In Caspari’s (1948) review of cytoplasmic inheritance, the 
male-sterile character examined by Rhoades (1931, 1933) is listed 
as one of the few characters which are transmitted purely ma- 
ternally. 

While Rhoades’ extensive data on chromosome transfer from 
normal linkage testers into the cytoplasm of male-sterile plants led 
him to exclude any genic action in the expression of the male- 
sterile character, he also presented outcross data which indicate to 
the reviewer that cytoplasmic-genic interactions might control the 
inheritance of the character. F, male-sterile plants from the cross 
male-sterile Peruvian x normal Chilean were outcrossed to unre- 
lated linkage testers. Eleven F, populations were produced, six of 
which contained only male-sterile or partially male-sterile plants, 
five F, populations contained male-sterile and normal plants. In 
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crosses of other normal lines to male-sterile plants, some normal 
individuals were produced. Forty-nine normal segregates were 
selfed or outcrossed to normal lines ; 46 of these normals produced 
varying percentages of male-sterile individuals, three yielded only 
normal offsprings. These results could be explained by assuming 
that lines which did not restore fertility in crosses to male-sterile 
plants contained normal cytoplasm and sterility-inducing genes. 
The lines which produced male-sterile and normal offspring in 
crosses to male-sterile plants contained normal cytoplasm and both 
sterility-inducing and fertility-restoring genes. If the linkage 
testers used in transferring each of the ten pairs of chromosomes 
into the sterile cytoplasm did not contain fertility-restoring genes, 
none of the chromosomes would influence male-sterility. 

Unfortunately Rhoades’ stock has been lost; therefore such 
speculations as are presented above can not be tested. However, 
Rhoades’ data are similar to some obtained on the more recently 
discovered cytoplasmic male-sterile lines in which genic-cyto- 
plasmic interactions have been demonstrated to control sterility. 

Gini (1939) reported the occurrence of male-sterility in the 
amargo blanco variety of maize. In three selections from this 
variety, male-sterility was complete, while in two selections, par- 
tially sterile and sterile plants occurred. Meiosis was normal in 
all selections. The F; generations of these selections crossed by 
various testers contained all male-sterile plants, all normal plants, 
or segregated normal and male-sterile plants. Backcrosses of 
male-sterile plants from segregating F; populations by the recur- 
rent tester gave progenies segregating for normal and male-sterile 
plants. Gini interpreted this type of male-sterility as being pro- 
duced by cytoplasmic factors. The action of these factors, how- 
ever, could be modified by the presence of a certain gene or genes 
introduced by the male parent of a cross, as is indicated by the 
production of some fertile and segregating fertile F; populations. 
Gini mentioned another instance of male-sterility in corn which 
also originated in the amargo blanco variety. This male-sterile 
selection was designated msgq-. The spikelets did not open and 
the anthers contained no pollen. Fy, generations segregated for 
male-sterile plants, but Gini stated that the studies on this char- 
acter were not advanced enough to pronounce with certainty that 
this was a case of cytoplasmic inheritance. 
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Briggle (1955) examined differences between several types of 
cytoplasmic male-sterile corn. The Vg sterile (Briggle, personal 
communication) was first observed by G. F. Sprague at the lowa 
Agricultural Experiment Station in a genetic stock Vg su j sy v6. 
Approximately 50 per cent of the plants had normal glumes, but 
no anthers were exerted in these plants. G. F. Sprague also first 
observed 70 male-sterile plants in 1951 in a Reid Yellow Dent 
planting. Of these 70 open pollinated plants one produced pre- 
dominantly male-sterile offspring; progeny from these male-ster- 
iles became known as the Reid source. Briggle’s (1955) working 
hypothesis of the inheritance of male-sterility in the Vg and Reid 
sources assumed that male-sterile plants are of the genotypes SS 
or Ss plus a cytoplasmic sterility factor. Inbreds which restore 
fertility to the F, generation were assumed to contain a dominant 
allele S’. Selective fertilization of some type is assumed when 
heterozygotes SS’ are pollen parents. Offspring of the cross M14 
x M1984 were normal ; offspring of the reciprocal cross were par- 
tially male-sterile. Briggle (1955) explained partial sterility as 
the expression of a single gene in conjunction with a specific cyto- 
plasmic factor: 

The practical applications of cytoplasmic male-sterility to the 
production of hybrid corn, using the Texas source of sterility, 
have been discussed by Jones and Everett (1949), Jones and 
Mangelsdorf (1951) and Rogers and Edwardson (1952). Briefly, 
the use of cytoplasmic male-sterility in the production of hybrid 
corn is to obviate detasseling. The general procedures for this 
use of cytoplasmic male-sterility are: incorporation of the cyto- 
plasmic male-sterile character into inbreds which are to be used as 
seed parents in single and double crosses; and use of inbreds 
which are known to restore male-sterility in producing the polli- 
nator parent of the double cross. 

Eckhardt (1953) described a technique for the simultaneous 
production of male-sterile inbreds and inbreds with added fertility- 
restoring genes. The breeding program involved the F, of the 
cross, cytoplasmic male-sterile x fertility restorer. The fertile F, 
which carries the sterile cytoplasm is used as the female parent in 
crosses to inbreds to which fertility-restoring genes are to be 
added. A backcrossing program is then conducted with the fertile 
segregates used as female parents and the inbred used as the re- 
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current parent. After a sufficient number of backcross genera- 
tions, fertile segregates are selfed and homozygous fertile lines se- 
lected, thus producing inbred lines with fertility-restoring genes 
added ; sterile segregates are crossed with the inbred, thus pro- 
ducing the male-sterile inbred line. 

If neither parent of the pollinator parent of the double cross re- 
stores fertility, mechanical blending of normal seed in a ratio of 
1:2 or 1:3 is required to insure normal seed set. If one parent 
of the double cross pollinator restores fertility, half of the plants 
will be fertile. The ideal situation would result when both parents 
of the double cross pollinator restore fertility and normal pollen 
production would be expected from the double cross. 


ALLIUM. Jones and Emsweller (1937) reported a case of male- 
sterility in onions which originated in one plant in the Italian Red 
variety. This particular character was preserved and increased 
by propagation with bulbils. Later, male-sterile plants were 
crossed by commercial onion varieties. Jones and Clarke (1943, 
1947) and Sears (1947) described the results of several such 
crosses. The offspring were always one of three types: all plants 
had perfect flowers, all plants had male-sterile flowers, or plants 
segregated for perfect and male-sterile flowers. The segregating 
populations occurred sometimes in the F, generation where a 1: 1 
ratio was obtained, sometimes in F, and F3 generations where a 
3:1 ratio was obtained, and sometimes in the first backcross gener- 
ation with a 1:1 ratio. Jones and Clarke interpreted these re- 
sults as follows: The original male-sterile plant contained S cyto- 
plasm and was homozygous for the genes msms. The commercial 
varieties tested contained N cytoplasm and genes msms, Msms or 
MsMs. The gene Ms produced perfect flowers in combination 
with either S or N cytoplasm; the gene ms in the homozygous | 
condition produced perfect flowers in combination with N cyto- 
plasm and male-sterile flowers in combination with S cytoplasm. 
Little et al. (1944) reported that over 86 per cent of the onion 
varieties tested contained both the Ms and ms genes in N cyto- 
plasm. 

Clark and Pollard (1949) found that certain varieties converted 
to male-sterility produced small amounts of viable pollen. The 
average amount of selfing in four hybrids was 4.1 per cent, not 
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enough to present a serious problem in producing commercial hy- 
brid seed. Barham and Munger (1950) reported a higher per- 
centage of fertile pollen in S MsMs plants than in S Msms plants, 
indicating incomplete dominance. These authors also found a 
fraction of one per cent viable pollen in two male-sterile inbred 
onion lines when these lines were subjected to temperatures of 
70-80° F. 

Jones and Davis (1944) investigated heterosis in onion hybrids 
before the Italian Red male-sterile line was available. They re- 
ported significant increases in weight of hybrid bulbs over parental 
bulbs in several crosses. However, labor requirements made 
quantity production of hybrid onion seed impractical. Although 
the Italian Red variety is not widely adapted for commercial 
growing in the U.S., the sterility in this line has been transferred 
to many lines by backcrossing, thus making possible the present 
production of hybrid onion seed. Jones and Clarke (1943) de- 
scribed breeding procedures in the production of hybrid seed: 
Varieties to be used as female parents of crosses which produce 
hybrid seed are converted to male-sterility by backcrossing N 
msms selections to male-sterile lines and selecting for varietal 
phenotypes. These converted male-sterile varieties are then polli- 
nated by any desired male-fertile variety to produce a commercial 
hybrid onion seed. 


AQUILEGIA. In a culture of Aquilegia vulgaris, Kappert (1944) 
found one plant which had only female flowers, the androecium 
being reduced. Repeated crosses of this female plant by androgy- 
nous plants from the same culture produced only female offspring. 
To determine whether opposing tendencies of sex existed in the 
cytoplasm and the genome as in Oehlkers’ Streptocarpus crosses, 
Kappert crossed the male-sterile A. vulgaris with androgynous A. 
chrysantha. All of the offspring were male-sterile. Kappert con- 
cluded that the cytoplasm had lost the ability to react aormally to 
the impulses originating in the sex-determining genes of the 
nucleus. 


BETA. Owen (1942, 1945) reported cytoplasmically inherited 
male-sterility in varieties and strains derived from the sugar-beet 
variety U.S. 1. About two per cent of the plants in variety 1 
were male-sterile and female-fertile. Ninety-one different her- 
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maphrodites were crossed on male-sterile plants, and F; popula- 
tions from 27 of the 91 crosses were completely male-sterile. Seg- 
regation of partially male-sterile and male-sterile plants occurred 
in 64 F,; populations. Backcrosses by some of the 27 hermaphro- 
dites producing male-sterile F, generations continued to produce 
exclusively male-sterile populations, while crosses between male- 
sterile and partially male-sterile plants produced segregating prog- 
enies. Owen (1949, 1950) described the male-sterile phenotype 
as controlled by the interaction of the genes + in sterile cyto- 
plasm also containing zz (non-modifiers), the partially sterile 
phenotype by ++Z- in sterile cytoplasm, and the normal phenotype 
by any genotype in normal cytoplasm. The genotype X XZZ,com- 
plete fertility-restorer, has never been found. Owen (1950) re- 
ported difficulty in distinguishing rxzz and *xZz phenotypically 
under certain environmental conditions. Owen (1950) also men- 
tions results indicating other complementary genes which exerted 
a dominant influence on sterility. Despite incomplete knowledge 
of the inheritance of cytoplasmic male-sterility in sugar beets, hy- 
brids have been produced which utilized cytoplasmic male-sterile 
lines as female parents. Owen (1948) described procedures in- 
volved in producing hybrid beets. Inbreds were converted to the 
male-sterile condition by backcrossing the inbred to cytoplasmic 
male-sterile lines, roguing partially male-sterile plants and select- 
ing for paternal phenotypes. The converted inbred was then used 
as the female parent in crosses to open-pollinated varieties. Owen 
(1948) indicated that hybrids between selected inbreds should be 
superior to top crosses. Hybrids produced more sugar than com- 
mercial varieties; in some instances the increase was over 20 per 
cent. Murphy et al. (1950) reported significant increases in yield 
of sugar in three hybrids over that in an outstanding variety. 


DACTYLIS. A type of cytoplasmic male-sterility in Dactylis 
glomerata is reported by Myers (1946). The F, populations re- 
sulting from the cross male-sterile female x normal male testers 
consisted of all sterile, or sterile and fertile plants. The results 
from backcross and test cross progenies were interpreted by 
Myers as follows: Sterile plants were produced by the interaction 
of cytoplasm from sterile plants with a gene in the quadriplex, 
triplex or duplex condition. When the male parent contained the 








CYTOPLASMIC MALE-STERILITY 727 


sterility gene in the simplex condition, F,; populations from crosses 
to male-sterile females would segregate 1:1. When the gene was 
in the nulliplex condition, all fertile plants would result, regard- 
less of the type of cytoplasm with which they were associated. 


SOLANUM. Lindstrom (1933), after radiating the growing tips 
of tomatoes with a radium source, found several variants. Among 
these variants there was a male- and female-sterile light green sec- 
tor. This sector was propagated from cuttings for two years, and 
occasionally the light green sterile reverted to a normal green fer- 
tile condition. Progenies from reverted normal branches segre- 
gated for Vv green and vv virescent white. Lindstrom inter- 
preted these results as: The light green sterile sector is /v, and a 
cytoplasmic change produced by radiation produces a phenotypic 
light green, while the V and v alleles remain unaltered. Also, the 
cytoplasmic change is some sort of block to fertility. 


DOUBTFUL CASES 


CANNA. Honing (1931, 1932) reported cytoplasmic influence 
on a combination of genes controlling leaf margin color in Canna 
species crosses. The genotype 4—B- controls red leaf margin; 
any other gene combination produces green leaves. C. indica 
AABB x C, aureo-vittata aabb and reciprocal produced heterozy- 
gotes with red margins. Backcrosses of the F, by aureo-vittata 
gave an excess of the red bordered phenotype. Backcrosses of the 
reciprocal F;, containing aureo-vittata cytoplasm, displayed a defi- 
ciency in the red bordered phenotype. Honing assumed that the 
aureo-vittata cytoplasm provided a less favorable environment for 
the A and B gene combination than did indica cytoplasm. 

The deviations from expected frequencies of red margined 
plants were small. The deviations were influenced by the season 
of the year in which the crosses were made: a shortage of red 
margins after early summer pollination, an excess during mid- 
summer, and a deficiency in August. 


cREPIS. Hollingshead (1930) reported a type of lethality in 
interspecific Crepis hybrids which closely resembles that reported 
by Sirks (1931la, 1932) in interracial Vicia hybrids. 

The inheritance of lethality which sometimes occurred in crosses 
of Crepis capillaris female x C. tectorum (Babcock and Collins, 
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1920a, b; Nawaschin, 1926, 1927) was demonstrated by Hollings- 
head (1930) to be controlled by a single pair of genes. These 
genes had no effect in C. tectorum, but in the F; interspecific hy- 
brid three types of populations were found depending on the 
strain of male tectorum used: all plants died in the cotyledon 
stage, all plants were normal, half of the population died at the 
cotyledon stage while half were normal. Hollingshead assumed 
that the tectorum strain producing all lethal F, populations was 
homozygous /l, the strain producing normal F, populations was 
homozygous LL, and the strain producing 1:1 segregations was 
heterozygous Li (with no assumption of dominance or recessive- 
ness of L being made). 

Hollingshead (1930) also examined the action of the interspe- 
cific lethal gene in crosses of Crepis bursifolia, and C. leontodon- 
toides female x C. tectorum, finding that the lethal was expressed 
in F, hybrids. Small F,; populations of the crosses C. setosa and 
C. taraxacifolia x C. tectorum male indicated that the lethal was 
not expressed in these hybrids. 

Hollingshead (1930) proposed an explanation for the non-ex- 
pression of the lethal in C. tectorum by assuming an inhibitor. 
The lethal cffect in the hybrid was assumed to result from the ac- 
tion of two genes in C. capillaris, one recessive to the lethal and 
one dominant to the inhibitor. Hollingshead presented no experi- 
mental evidence to support these assumptions. An assumption of 
an interaction of C. capillaris cytoplasm with the C. tectorum 
lethal could account for the results obtained. The results of the 
C. setosa and C. taraxacifolia crosses might be explained by as- 
suming that the cytoplasms of these two species were similar in 
interaction type to that of C. tectorum. There is also no experi- 
mental evidence to support these assumptions. 


pAUCUS. Jones (1950) stated that cytoplasmic pollen sterility 
had occurred in the genus Daucus. Welch and Grimball (1947) 
have reported the discovery of a male-sterile carrot but stated that 
the mode of inheritance of this male-sterile character would not be 
known until additional breeding tests were completed. At present, 
no further reports on such breeding tests have been found in the 
literature. 


GERANIUM. In crosses of Geranium Endressix G. striatum and 
the reciprocal, only normal plants were produced (Sansome, 
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1936). However, in the F. generation of the cross G. Endressi x 
G. striatum, segregation occurred for normal and male-sterile 
plants, while no segregation took place in the F2 generation of the 
reciprocal cross. Backcrosses to male-sterile plants of the F2 gen- 
eration by the parents and by F; generation plants produced re- 
sults which led to the suggestion by Sansome that a homozygous 
factor carried by G. striatum in the cytoplasm derived from G. 
Endressi caused contabescence and petalloidy of the anthers. 
Since this suggestion was made on the basis of only a few plants, 
Sansome states that cytoplasmic inheritance may be the mode of 
inheritance of male-sterility. 


HUTCHINSIA. Melchers (1939) has reported a case of inter- 
specific lethality in the F, hybrid of the cross Hutchinsia brevi- 
caulis female x H. alpina which is similar to the lethal reported by 
Hollingshead (1930). The lethal gene does not express itself in 
H. alpina but produces inviable seed when crossed on H. brevi- 
caulis female. Here also an assumption of cytoplasmic-genic in- 
teraction could account for the results, although no experimental 
evidence exists which could support such an assumption. 


LOLIUM. Lewis (1941) mentions male-sterility in Lolium 
perenne as being cytoplasmically controlled, although the author 
of the article to which he refers (Jenkin, 1930) made no such 
interpretation. Jenkin (1930) reported that nine rye grass sei«<- 
tions from old pastures had exserted anthers but no viable pollen. 
One of these selections crossed by nine different male-fertile lines 
produced 130 plants. Four of the F, plants were completely fer- 
tile, 14 were partially sterile, 112 were completely male-sterile. 
Some F, male-steriles pollinated by unknown sources produced 
sterile, partially sterile and male-fertile plants. Other F, male- 
steriles pollinated with known lines produced only male-sterile off- 
spring. An assumption of cytoplasmic-genic interaction could ac- 
count for these results; additional crosses and relatively large 
populations would be necessary to confirm such an assumption. 


ORIGANUM. Appl (1929, 1933) reported the inheritance of sex 
in the species Origanum majorana and O. vulgare to be closely 
similar to that in Satureia (Correns, 1908; von Wettstein, 1924). 
Lewis and Crowe (1952), however, in experiments with O. vul- 
gare, obtained data which agreed with a control of sex by two 
major genes. A dominant gene caused abortion of anthers, while 
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another dominant gene, epistatic to the first, suppressed it. The 
double recessive was lethal. 


victA. Sirks (1931b) found that elimination of gametes con- 
taining genes controlling foliage variegation occurred only in cer- 
tain cytoplasms of Vicia faba. The gene V produces variegation 
in the presence of appropriate epistatic genes, while v produces 
plain green foliage. There was normal segregation when plants 
containing Vv in typica cytoplasm were self-pollinated ; genotypes 
occurred in the following ratio, 1VV:2Vv: luvv. Heterozygotes 
Vv in variegata cytoplasm when self pollinated produced only 
variegated VV and Vv plants in the ratio of 4:24. The gene v 
was assumed to be eliminated in one of the sexes. Sirks demon- 
strated the influence of the cytoplasm on gene elimination; how- 
ever, it was not possible to determine in which of the sexes elimi- 
nation occurred. 


CYTOPLASMIC MALE-STERILITY IN THE ANIMAL KINGDOM 


CULEX. Laven (1953) reported the occurrence of non-develop- 
ing eggs in certain reciprocal crosses of mosquito strains. Three 


strains of Culex pipiens from West Germany, crossed with each 
other in all directions, produced only normal offspring; the same 
condition was found in four West European strains and in two 
South German strains. Three South German strains—O, R and 
M—when used as males in crosses to all other races tested, pro- 
duced normal offspring. The reciprocal crosses were sterile with 
the exception of .05 to .5 per cent eggs which produced larvae, 
about half of which developed into normal imagos. Laven used 
these “exceptional animals” in experiments which ruled out 
parthenogenesis and predetermination as possible causes of the 
sterility phenomenon. Laven interpreted the inheritance of non- 
reciprocal sterility as cytoplasmic and placed it in the same cate- 
gory as the killer-factor in Paramecium (Sonneborn, 1947), and 
the “genoid” for CQOvs-sensitivity in Drosophila (L’Heéritier, 
1948). 


HIPPODAMIA. Shull (1945, 1948) reported abnormal sex-ratios 
in the offspring of an intraspecific cross of lady beetles (Hippo- 
damia quinquesignata). One pair of beetles produced 39 females 
and one male. These females were mated to wild males; the off- 
spring were exclusively female through eight generations ; certain 
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branches in the line of descent reverted, however, to normal sex 
ratio. Shull (1948) could exclude parthenogenesis as a cause of 
the abnormality, and his results made doubtful assumptions in- 
volving elimination of Y-carrying sperm. Shull stated that cyto- 
plasmic influence was unlikely because its loss probably would not 
be so sudden as were the reversions to normal sex ratio. Shull 
did not mention the possibility of cytoplasmic interaction with pa- 
ternal genes from different sources which could produce abnormal 
and normal sex ratios. Shull stated that the abnormal sex ratios 
reported in lady beetles most nearly resembled those discovered in 
Drosophila by Buzzati-Traverso. This sex ratio character will be 
discussed below. 


DROSOPHILA. Magni (1953) met with a type of zygotic cyto- 
plasmic male-sterility in Drosophila bifasciata. This character, 
first reported by Buzzati-Traverso in 1941, expressed itself in an 
abnormal sex ratio of progeny from certain females crossed by 
any type of male. The “ sex-ratio” females produced an average 
of 0.5 per cent males, while normal females produced approxi- 
mately 47 per cent males. The character was not transmitted by 


the rare males sometimes produced by the cross sex-ratio female x 
normal male. Magni was able to rule out parthenogenesis, dauer- 
modification, sex-linked lethals, non-disjunction and chromosome 
aberrations as explanations for the results. 

Increasing the temperature from the normal 21° C. to 26° C. 
during the last hours of egg maturation and the first 12 to 18 
hours of zygote development produced normal sex ratios. How- 
ever, females thus treated again produced exclusively female off- 
spring when returned to 21° C. Magni suggested that a genetic 
unit transmitted exclusively through the cytoplasm of the sex- 
ratio females was responsible for early death of male zygotes. 
When present in a threshold concentration at 21° C., only female 
offspring occurred; but at higher temperatures the unit was in- 
hibited or partially inactivated, thus decreasing the probability of 
its presence in male zygotes above the threshold and thereby pro- 
ducing normal sex-ratios. 


CYTOPLASMIC EFFECTS ON HETEROSIS 


Use of cytoplasmic male-sterility in exploiting’ heterosis in 
agronomic and horticultural crops should bring to light additional 
information concerning the influence of cytoplasm on heterosis. 
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At present such information is rather meagre. In crops where 
only one source of sterility is known it is unlikely that cytoplasmic 
sterile lines would be abandoned if it were found that the sterile 
cytoplasm reduced yield in comparison with the cytoplasm of 
male-fertile lines. However, where several sources of sterility are 
available, the decisive factor in selecting a sterility source could 
well be the effect of the sterile cytoplasms on the expression of 
heterosis. Michaelis (1951) has presented a comprehensive re- 
view of the subject of cytoplasmic inheritance and heterosis; the 
following references include only reports not discussed by 
Michaelis. 

Lein (1948) compared normal rye and a line containing the rye 
genome in wheat cytoplasm, and reported reduced tillering capac- 
ity and decrease in culm height caused by the interaction of wheat 
cytoplasm with the rye genome. 

Niirnberg-Kriiger (1951) has found cytoplasmic influence on 
tillering, plant height, length of head and number of seed per head 
in reciprocal crosses of rye varieties. These characters were 
measured in seven paired reciprocal F; populations, and signifi- 
cant differences between F,’s were found for at least one of the 
characters in five of the seven paired reciprocals. Under different 
environmental conditions, these reciprocal differences could some- 
times be reduced, obliterated or reversed. 

Jones and Mangelsdorf (1951) and Jones (1952b) compared 
several corn inbreds and their converted Texas male-sterile 
counterparts, and single, three way and double crosses of inbreds 
and their male-sterile counterparts. They found that the cyto- 
plasm had no appreciable effect on plant height, days to silking or 
grain yield. Mazoti (1954b) compared the offspring of crosses 
involving the same pollen parent and highly homozygous female 
lines which differed only in containing teosinte or maize cyto- 
plasm. The offspring of crosses in which the female parent con- 
tained teosinte cytoplasm yielded significantly less grain than off- 
spring from crosses in which the female parent contained maize 
cytoplasm. 
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